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Preface 
 
     Electroless deposition, which uses reducing agent reactions, is one of the most 
powerful techniques to fabricate functional metal thin films. In order to propose the 
innovative processes for achieving further precise control to develop advanced devices, 
it is necessary to design the reaction systems based on understanding their chemistry in 
detail. However, it has not been fully elucidated yet, for the reaction systems are so 
complicated. 
     In order to tackle this problem, theoretical analyses using ab initio calculation 
method, which provides useful information which is difficult to obtain from the 
experimental procedure, have been utilized almost a decade ago. These works 
elucidated in succession the mechanisms covering the phenomena in the process, such 
as the reaction pathway of reactants, the geometric and electronic structures of them on 
the metal surfaces, etc. However, the mechanisms of some complicated phenomena, 
such as catalytic activity of metal surfaces on reducing agent reactions, interfusion of 
impurity into the deposit, and the crystal growth under the several conditions, have not 
been investigated. 
 
     This study attempts to understand the reaction mechanism of the electroless 
deposition process using theoretical methodologies, focusing on the mechanism of the 
catalytic activity of metal surfaces on reducing agent reactions, which is one of the most 
significant issues for establishing new processes. 
 
     This thesis is composed of seven chapters, as described below. 
     Chapter 1 is the general introduction showing the motivation for the entire study 
described in this thesis. In this chapter, some fundamental concepts about the electroless 
deposition processes are introduced as well as some examples of recent applications. 
Moreover, some important factors composing the process, the methodology extremely 
useful for the analysis of the process, and the fundamental strategy of this study are also 
introduced. 
 ii 
 
     Chapter 2 describes the solvent effect on the reducing agent reactions at the 
solid-liquid interface for modeling the reaction systems of the electroless processes, 
which introduces one of the most important premises for the later chapters. 
     Chapter 3 determines the rate-determining step of the oxidation of the reducing 
agents, which is important for understanding the mechanism of the catalytic activity of 
metal surfaces. This chapter also introduces the important guideline for the analyses in 
the later chapters. 
     Chapter 4 describes the mechanism of the chemical interaction between reducing 
agent and metal surfaces and proposes one of the most important factors determining 
the significance of catalytic activity of metal surfaces on the reducing agent reaction. 
This chapter is located as the center part of this thesis. 
     Both Chapter 5 and Chapter 6 show the additional effects on the catalyst reaction 
of reducing agents, the effect of the defect parts on surface and the effect of additives 
respectively. 
     Chapter 7 is the general conclusion showing the theory established through 
several analyses of this study. This chapter also shows some goals which the series of 
this study should achieve in the future. 
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Chapter 1: 
General Introduction 
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1.1 Electroless deposition process 
 
1.1.1 Concept of the electroless deposition process [1-3] 
 
Electroless deposition process 
     Electroless deposition is a powerful technique for fabricating functional thin films, 
using the concept of electrochemistry. In this process, the electrons for the metal 
reduction reaction are supplied by some internal electrochemical reaction and not from 
external electrical power sources. Fig. 1.1.1 shows the scheme of entire process of 
electroless deposition. Metal ions receive electrons emitted toward the substrate through 
the reducing agent reactions, which results in the deposition of metal atoms. Then, the 
atomic metals migrate on the substrate to aggregate, to become bulk metal. Since such a 
series of chemical phenomena contributes to the main part of this process, this 
technique is also often called as “chemical plating”. Comparing this electroless process 
with the electrodeposition process, the electroless process has the following major three 
merits for industry; (i) it deposits metals on nonconductive substrates, (ii) it deposits flat 
and homogeneous metal surfaces independent of the current distribution, (iii) it deposits 
the functional alloy easily by adjusting the composition and the condition of the bath. 
 
 
Re
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Fig. 1.1.1 Schematic drawing of the electroless deposition process 
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     The concept of such electroless deposition system was originally derived from the 
work by Wurtz [4] in 1844, which obtained a black nickel powder reduced by 
hypophosphite ion. After this pioneering work, the bright metallic nickel deposits were 
obtained for the first time by Breteau [5] in 1911, and the first systematic deposition 
bath was proposed by Roux [6] in 1916, which have become, so to say, “the legacies” 
for the present electroless deposition process. Although these legacies could be the 
seeds for industrial chemical deposition, their baths could not satisfy the demands to 
deposit on selected substrates. 
While researchers of the time had focused on the chemical phenomena in this 
process but not on its industrial usefulness after these works, Brenner and Riddell first 
proposed the bath system which could deposit selectively on the substrate immersed in 
the bath, in 1946 [7]. About one century after the first discovery of the phenomena of 
nickel deposition by the chemicals, Gutzeit finally constructed the first optimized bath 
for the “industrial” electroless nickel deposition [8], which has become the origin of the 
present bath system and the trigger of the application and the research of this process 
continuing over a half century. Through the various researches, the concept of this 
electroless process has been found to be applied not only to the deposition of nickel but 
also to the deposition of other several metals. 
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     The concept of so-called “chemical plating” originally indicates two techniques, 
not only electroless deposition described above but also “immersion deposition (metal 
displacement type deposition)” process. 
Thermodynamically, when the metal substrates with relatively negative standard 
electrode potential, such as Ni, are inserted into the bath containing the metal ions with 
relatively positive standard electrode potential, such as Au, the metal displacement 
would occur; the metal substrates are dissolved into the bath to emit the electrons and to 
be dissolved ions, while metal ions originally in the bath received electrons to deposit 
on the substrate. The plating process with such mechanisms should be also included into 
the category of “chemical plating”. 
Electroless deposition is completely different from such a metal displacement 
reaction, since it is “autocatalytic”. While the “metal displacement” process deposits 
some metals until the substrates are fully covered with the deposited metal, the 
electroless deposition deposits some metals continually as long as the deposited metals 
have “autocatalytic” aspects for the reducing agent reactions. This is one of the reasons 
why the electroless deposition process is applied in such a wider area of industry. This 
thesis focuses on the electroless deposition process in these two “chemical plating”. 
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Fig. 1.1.2 Comparison between the electroless deposition process and the immersion 
deposition process [1] 
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Mixed potential theory [9-11] 
     Electroless deposition proceeds accompanying two electrochemical reactions, the 
anode reaction and the cathode reaction, which occur simultaneously on the same 
substrates. This is one of the most different aspects from the electrodeposition process 
in which the anode and the cathode are completely separated. In order to understand the 
electrochemical behaviors of the simultaneous reactions in the electroless process, the 
mixed potential theory is usually applied. 
     The mixed potential theory is the model claiming that the both anode and cathode 
reactions must occur at the same potential which provides both anodic and cathodic 
currents suitable for depositions. This concept was applied first by Saito and Paunovic 
in their works about the analyses of electroless deposition mechanisms [10]. 
     First, the anodic current would increase exponentially with the positive shift of 
the potential, as it is well known in a fundamental theory of the electrochemistry. 
According to this phenomenon, the polarization curve for the anode is described. 
Second, the cathodic current would increase exponentially with the negative shift of the 
potential. According to this, the polarization curve for the cathode is described. In the 
system in which the deposition is proceeding, the two types of current, the anodic 
current and the cathodic current, are equivalent; no excess electrons are supplied or 
emitted. Therefore, the potential applied to both anode and cathode reactions in the 
system should provide the same current density for both anode and cathode, which is 
called as “mixed potential”. The value of both current densities at the mixed potential 
should be determined by the significance of the overlap between the anode curve and 
the cathode curve, depending on a sort of combination of the reducing agents and the 
metal ions. 
Red  Ox + ne- I = net current
Ic = partial cathodic current
Ipl = plating current
MLmn+ + ne- M + mL
Ia = partial anodic current
0
Epl = mixed potential
(+)
i
 
Fig. 1.1.3 Schematic diagram of 
mixed potential electrode [2] 
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     Using this concept, behavior of the potential applied to both anode and cathode 
reactions should be predicted. When the anode reaction is somehow activated and the 
current density is increased, the equivalent relationship between the anode current and 
the cathode current naturally breaks and the excess electrons would be supplied to the 
cathode reaction. In order to buffer this imbalance, the potential negatively shifts, which 
results in the decrease in the anodic current, the increase in the cathodic current, and the 
new equivalent states under more negative potential. The mixed potential would shift 
negatively also when the cathode reaction is somehow deactivated in the same way. On 
the other hand, the same logic introduces that when the cathode reaction is activated or 
the anode reaction is deactivated, the potential would shift to positive direction. 
     The theory introduced here is the simplest model describing the behaviors of the 
partial anode and cathode reactions. Although the recent studies indicate the existence 
of more complicated mechanisms in this process and the limitation of such classical 
potential theory, it nevertheless provides us the suggestive views about the partial anode 
and cathode reactions. Moreover, based on such a simplified theory, experimental 
procedures which consider each reaction independently or simulation models of each 
reaction system could be proposed, which must provide new schematic views to 
construct some innovative plating systems. 
H2PO2- + H2O = H2PO3- +2H+ + 2e-
Ni2+ + 2e- = Ni
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Fig. 1.1.4 Explanation for the electrode potential of the electroless Ni deposition with 
hypophosphite ion (H2PO2-) using the mixed potential theory [1] 
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Catalytic activity of metal surface 
     The catalytic activity of the deposited metal surface is as important as the 
standard electrode potential of the reducing agents and the metal ions, especially in the 
case of the electroless deposition. This is because the only deposited metal surface with 
catalytic activity on the reaction of the reducing agents must provide the continuous 
deposition. Even if the combination of the strong reducing agents, which has highly 
negative electrode potential, and the metal ions with highly positive electrode potential 
are used, it is not necessarily that such continuous deposition occurs, such case as the 
electroless Cu deposition using hypophosphite ion described below. This indicates 
clearly the importance of the catalytic activity. 
     For this reason, not all kinds of the metal species can be deposited using the 
electroless process. Fig. 1.1.5 shows the platable metals using some adequate reducing 
agents. As shown in this table, there should be still a limitation in the variation of the 
platable metal. 
 
4A 5A 6A 7A 1B 2B 3B 4B 5B
BiAu Hg Tl Pb
In Sn Sb
Hf Ta W Re Os Ir Pt
As
Zr Nb Mo Tc Ru Rh Pd Ag Cd
Cu Zn Ga Ge
Al Si P
Ti V Cr Mn Fe Co Ni
NB C
8
 
Fig. 1.1.5 Periodic table with the depositable metal without an external electric current 
shown; circle: autocatalytic deposition, triangle: codeposition with Ni or Co, square: 
galvanic displacement [2,3] 
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     In addition, for the same reason as above, the combination of the reducing agents 
and the metal ions is strictly limited. Even if the strong reducing agents are needed for 
some objectives, it is not necessarily that they can be used in the deposition. This is 
another limitation of this process. 
     Fig. 1.6 shows the significance of the catalytic activities of each metal surfaces on 
the reaction of the major reducing agents [12]. As shown in this figure, the order of the 
catalytic activity is hard to predict in advance because of its insignificant regularity. In 
order to improve the efficiency of this process in the future, the investigation for the 
factor determining such order is strongly needed. 
 
 
 
Fig. 1.1.6 Catalytic activities of each metal surface on the reactions of each reducing 
agent [12] 
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1.1.2 Examples of the electroless deposition process 
 
     Various kinds of metal plate are deposited through the electroless deposition 
process, such as Ni, Pd, Cu, Au, and their alloys. Typical processes, typical application 
examples, and a recent topic about those depositions are shown below. 
 
Electroless Ni deposition 
     Electroless Ni deposition is representative plating process applied in various 
industrial fields, such as electronics devices, in airplanes, and in vehicles. The Ni 
plating for these parts improves their conductivity, the corrosion resistance, and the 
abrasion resistance. As shown above, eletroless Ni plating is the first electroless 
technique developed in 1946 [7]. After this start, the history of electroless plating has 
been accompanying the progress the electroless Ni plating technique. 
     In this deposition process, Ni ions are added as Ni2+ from the salts, such as nickel 
sulfate, NiSO4, or nickel chloride, NiCl2, whose standard electrode potential is shown 
below [13]. 
Ni2+  +  2e-    Ni       Eo = -0.257 V vs. SHE 
     The chemicals which are typically used in the electroless Ni deposition bath are, 
(i) hypophosphite ion, borohydride, dimethylamine brane, diethylamine brane, or 
hydrazine, as reducing agents, (ii) lactic acid, citric acid, succinic acid, pyrophoric acid, 
or tartaric acid, as complexing agents, which work also as buffering agents in many 
cases, (iii) sodium acetate, as a buffering agent, (iv) thiourea, or Pb, as additives [1-3]. 
     Coordination numbers of Ni and stereochemistry of its complexes, are in standard, 
six with octahedral, and four with tetrahedral and planer [14,15]. The other coordination 
number, five, is confirmed in a few Ni complexes, but not so common [16]. 
     The main reactions occurring in the process with an alkaline bath is shown below 
[1-3]. 
H2PO2-  +  3OH-     HPO32-  +  2H2O  +2e- 
[Ni(citrate)(H2O)3]-  +  2e-    Ni  +  (citrate)3-  +  3H2O 
General electroless Ni plating involves the small amount of interfusion into deposited 
metal films of some typical elements as impurities, such as P or B, which provide the 
metal thin films with the typical properties. Therefore, general products of this Ni 
plating are the alloy, which are called “Ni-P” film or “Ni-B” film. The amount of these 
interfusions should alter strongly depending on bath conditions, such as pH and 
temperature, which means that such conditions should be strictly controlled in order to 
obtain designed films. Since hydrazine form nitrogen molecule after oxidation, which 
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has a strong triple bond, the amount of interfusion of N into the metal films is generally 
very little. 
     Two recent topics about electroless Ni plating will be described below.  
The first example is from the work by Yoshino et al., which investigated the 
usefulness of Ni-B film as barrier to Cu diffusion in the integrated circuit (IC) system 
[17]. In the paper, the highly optimized electroless Ni-B plating technique using 
dimethylamine borane and citric acid is introduced as a solution to one of the biggest 
technical problems in the IC fabrication that deposited Cu diffuses into the insulator 
layer and the substrate to deteriorate the Cu interconnect property. The authors report 
that regarding the thermal stability Ni-B barrier is superior to other alloys, such as 
Ni-Re-P, Ni-W-P, or Ni-P. 
 
 
     
 
 
 
 
Fig. 1.1.7 Cross-sectional SEM 
images of electroless Ni-B 
barrier layer deposited on a 
trench patterned substrate [17] 
Fig. 1.1.8 Variation of sheet resistance of 
Cu film with annealing temperatures, 
varying the barrier layer [17] 
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     The second example is from the work by Balaraju et al., which shows fine 
corrosion resistance of the Ni-P composite thin films [18]. Normal electroless Ni-P 
plating is generally known to provide the thin film with high corrosion resistance, which 
is widely applied in the finishing process for corrosion protection. To improve the 
corrosion resistance of Ni-P film, the amount of phosphorus included is controlled by 
adjusting some environmental factors, such as the concentration of hypophosphite ion, 
or pH and temperature of plating bath. In recent years, as an alternative approach to 
control the corrosion resistance of the film, Ni-P composite plating has been focused, 
though this technique had been believed to be insufficient for the control. Balaraju et al. 
prepared a few Ni-P composite metals, Ni-P-Si3N4, Ni-P-CeO2, Ni-P-TiO2, by 
electroless deposition using hypophosphite ion, and evaluated the electrochemical 
properties related to corrosion resistance of these metal thin films, by electrochemical 
impedance measurement. They successfully achieved to obtain Ni-P composite films 
with more improved properties for corrosion protection than that of the normal Ni-P 
film, as shown in the following Table 1.1.1, in which Rct is the charge transfer resistance, 
Cdl is the double layer capacitance, and icorr is the corrosion current. They attribute good 
corrosion protection abilities of these Ni-P composites, especially Ni-P-Si3N4 and 
Ni-P-CeO2, to the decrease in the effective metallic area for corrosion. 
 
 
Table 1.1.1 Parameters estimated from electrochemical impedance measurements [18] 
Type of coating
Ni-P
Ni-P-8.10 wt% Si3N4
Ni-P-7.44 wt% CeO2
Ni-P-5.42 wt% TiO2
OCP (mV vs. SCE) R ct (Ω cm2) C dl (µF/cm2) i corr (µA/cm2)
-320
-275
-292
-310
32,253 12 1.66
90,525 11 0.33
90,700 11 0.37
58,991 17 0.66
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Electroless Pd deposition 
     Pd has been focused as one of the substitutes for Au because of its high resistance 
to corrosion, low contact resistance, and solderbility. For the same reason, the other 
metals of the platinum family, such as Rh, Pt, and Ir, are also possible candidates; 
however, these metals are so expensive that applications of them involve the significant 
cost problem. Although Ru, which is also one of the platinum family, are not as 
expensive as Rh and Pt, the fabrication process of Ru films has environmental problems 
and the Ru thin film itself has lack of physical property. Considering these backgrounds, 
it is natural that Pd is focused as a promising material and plating technique of it has 
been developed relatively early in 1931, though it is an electrodeposition process. 
Moreover, Pd has already been used practically as one of contact materials. Because of 
this, electroless Pd deposition is obviously important to be developed for practical 
usages. Although the plating process of Pd is not widely applied, the hopeful process 
should be introduced in this section [19-21]. 
     In this deposition process, Pd ions are added as Pd2+ from the salts, such as 
palladium chloride, PdCl2, whose standard electrode potential is shown below [13]. 
Pd2+  +  2e-    Pd       Eo = +0.915 V vs. SHE 
     The chemicals used in the deposition bath are, (i) hypophosphite ion, phosphonic 
acid, trimethylamine borane, and hydrazine, as reducing agents, (ii) ethylenediamine 
(EN), as a complexing agent, (iii) thiodiglycolic acid, as an additive for stabilizing the 
bath.  
     Coordination numbers of Pd and stereochemistry of their each complex, are in 
standard, 2 with planer [23-25]. Although the cases that coordination numbers of Pd are 
5, or 6 are recognized, they are not general. This state of Pd is similar to the case of Pt, 
whereas it is not similar to the case of Ni as shown above [16]. 
     The main reactions occurring in the process with an approximately neutral bath is 
shown below. 
H2PO2-  +  3OH-     HPO32-  +  2H2O  +2e- 
[Pd(EN)2]2+  +  2e-      Pd    +   2EN 
Electroless Pd process is also used for catalyzing of some substrates without catalytic 
activity, such as Cu surfaces for hypophosphite ion as shown below. Therefore, it can be 
said that the electroless Pd plating is the necessary technique for the finer metal 
deposition of the other metal surface as well as for some applications of itself. 
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Electroless Cu deposition 
     Electroless Cu deposition is mainly applied to plating for the printed-circuit board. 
In this plating technique, a few types of fabrication process for circuit board are 
proposed and applied. Such electroless plating of Cu is suggested to start at the 
beginning of 20th century, using formaldehyde as a reducing agent. From 1940s, the 
research on the electroless Cu plating has been activated in order to improve the 
stability of the deposition bath for Cu plating on plastic substrate; both Narcus [26] and 
Wein [27] reported the practical deposition process using formaldehyde and Fehling 
solution which contains copper salt, Rochelle salt, and sodium hydroxide. In 1957, 
Cahill built the first practical bath [28], though it still had the problems in the bath 
stability and the deposition speed, which accelerated the development of the plating 
process. The improvement of the bath proposed by Cahill and the development of 
innovative ABS resin enable the efficient process for industrial application to be built. 
     In this deposition process, Cu ions are added as Cu2+ from the salts, such as 
copper sulfate, CuSO4, whose standard electrode potential is shown below [13]. 
Cu2+  +  2e-    Cu       Eo = +0.340 V vs. SHE 
     The chemicals which are typically used in the deposition bath are, (i) 
formaldehyde or demethylamine borane, as reducing agents, (ii) sodium potassium 
tartrate (called as “Rochelle salt”), or ethylenediamine tetraacetic acid (EDTA), as 
complexing agents, (iii) oxygen or thiourea, as additives for stabilizing the system, and 
cyanide or proprionitrille, as additives for accelerating the reaction. As shown below, 
since hypophosphite ion exhibits no reactivity on Cu surface, autocatalytic reaction 
using hypophosphite is not applied, even though hypophosphite has highly negative 
electrode potential. However, the process using hypophosphite ion as a reducing agents 
is attempted to be built, in which the small amount of Ni ion are added as the catalyst. 
     Coordination numbers of Cu and stereochemistry of their each complex, are in 
standard, 4 with tetrahedral and with quadrate, and 6 with distorted octahedral. However 
in general, for the structural reason, these three structures are hard to be distinguished 
[16, 29-31].  
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The main reactions occurring in the process with an alkaline bath is shown below. 
CH2OHO-  +  2OH-     HCOO-  +  2H2O  +2e- 
[Cu(EDTA)]2-  +  2e-      Cu    +   EDTA4- 
Notice that formaldehyde, HCHO, does exist as CH2OHO- in an alkaline bath 
accompanying the following equilibrium. 
HCHO  +   H2O     CH2(OH)2 
CH2(OH)2  +  OH-     CH2OHO-  +  H2O 
Also notice that the main anodic reaction above is expressed, on the assumption that 
oxidation of H radical (H + OH-  H2O + e-) should occur. However, whether such 
reaction occurs strongly depends on the kinds of metal surface on which the H radical 
adsorbs; H radical adsorbing on the surface of some catalyst, such as Pt or Pd, should be 
oxidized by OH- as shown above, whereas H radical adsorbing on the Cu substrates 
should react as H + H  H2 to form hydrogen molecule. Therefore, in the case that no 
catalyst is used, the major anodic reactions should be expressed as shown below. 
2CH2OHO-  +  2OH-     2HCOO-  +  2H2O  +   H2   +2e- 
     Two recent topics about electroless Cu deposition are summarized as follows. 
     The first one is about the work, which established the process of bottom-up filling 
with the electroless Cu deposition [32]. In order to fill interconnection materials, such as 
Cu, into high-aspect-via-hole with fine adhesion and proper deposition rate, well 
designed electroless processes had been needed. Wang et al. proposed in this work the 
electroless Cu filling process using bis(3-sulfopropyl) disulfide (SPS) as controlling 
factor on the deposition rate. They obtained void-free and seamless fills in the hole 
using their process, and moreover achieved fine bottom-up ratio in high-aspect-via-hole 
filling (Fig. 1.1.10).  
 
  
 
Fig. 1.1.9 Cross-sectional SEM 
images of filled hole. Hole diameter, 
0.5 mm. Plating time, 40 min. [32] 
Fig. 1.1.10 Dependence of bottom-up ratio 
(Tb/Ts) on hole diameter. [32] 
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     The second one is related to the problem of using formaldehyde in Cu plating 
bath [33]. Formaldehyde produces high quality copper with excellent electrical and 
mechanical properties. It is also low-cost and widely available. However, formaldehyde 
has been listed recently as a hazardous material. Therefore, formaldehyde-free process 
was required [34]. Some promising processes, replacing formaldehyde with other 
reducing agents have been proposed so far [35-39]. Sone et al. proposed one of the 
substitutes using Fe2+ ion complex as a reducing agent. From their several kinds of 
measurements, Fe2+ complex was confirmed to deposit Cu. Moreover, some additives, 
such as choloride ion or polyethylene glycol, were confirmed to contribute to finer Cu 
film fabrication. Although the lifetime of the bath has to be improved through the future 
work, such substitutes for formaldehyde bath continue to be suggested by several 
researchers. As other promising substitutes, glyoxylic acid, hypophosphite ion, and Co2+ 
are now suggested. 
 
 
 
Fig. 1.1.11 Cu films using electroless process with various reducing agents; 
formaldehyde, Co2+, and Fe2+, at 333 K, and pH 6.0 [33] 
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Electroless Au deposition 
     Application of electroless Au deposition is somewhat similar to that of electroless 
Cu deposition. In 1970, Okinaka built the first autocatalytic bath composition for the 
electroless Au plating [40], which has been developed to applied much more widely so 
far [41-44]. Now the substitute for gold is needed because of its financial cost, and some 
metals of the platinum family, such as palladium, is expected to be the candidate of the 
substitute, as shown above. However, the gold will have been used perpetually in 
electronics industries for its reliability, which should promise the importance of the 
electroless Au plating. 
     In this deposition process, Au ions are added as Au+ from the salts, such as gold 
potassium cyanide, KAu(CN)2, whose standard potential is shown below [13]. 
Au+  +  e-    Au       Eo = +1.83 V vs. SHE 
     The chemicals which are typically used in the deposition bath are, (i) borohydride, 
dimethylamine borane, hypophosphite ion, or hydrazine, as reducing agents, (ii) EDTA, 
as a complexing agent.  
     Coordination number of Au and stereochemistry of its complex is in standard, 2 
with linear [45]. Coordination numbers of 3 with trigonal, and 4 with tetrahedral are 
also observed [46-48], but they are rare. 
     The main reactions occurring in the process with an alkaline bath is shown below. 
2BH3OH-  +  6OH-     2BO2-  +  3H2  +  4H2O  +6e- 
[Au(CN)]-  +  e-      Au    +   2CN- 
Notice that BH3OH- is the product of the hydrolysis of borohydride. This secondary 
product is considered to be the actual reducing agent of this process, which is analyzed 
by Okinaka. As is the case with the Cu substrates, H radical adsorbing on the Au 
substrates also reacts as H + H  H2 to form hydrogen molecule. Moreover, the 
oxidation of BH3OH- proceeds through exchanging its H for OH-. Considering these 
tendencies, the reaction of BH3OH- above can be divided into the following reaction to 
understand the reaction scheme. 
BH3OH-       BH2OH-   +   H 
BH2OH-   +   OH-      BH2(OH)2-   +   e- 
BH2(OH)2-      BH(OH)2-   +   H 
BH(OH)2-  +    OH-      BH(OH)3-   +   e- 
BH(OH)3-       B(OH)3-   +   H 
B(OH)3-   +    OH-      B(OH)4-    +   e- 
B(OH)4-        BO2-   +    2H2O 
3H       3/2 H2 
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     Recently, Inoue et al. shows some interesting studies [49,50] about fundamental 
analyses on the electroless Au-Ni alloy plating. They focus on the behavior of carbon 
inclusion in the alloy film and its influences on the property of the film. They 
interestingly describe the mechanism of carbon inclusion and the influences on the 
crystallinity; the amorphous alloy contains the amorphous carbons as a product obtained 
through the decomposition of CN, whereas the crystalline alloy contains the original CN. 
This indicates the states of carbon inclusion influence the crystallinity of the alloy. 
Moreover, they successfully observed an image of carbon particle included in the 
Ni-rich amorphous phase in the alloy. Future researches will enable the proper design of 
reaction process for finer alloy fabrications. 
 
 
Fig. 1.1.12 Large carbon particle found in nano-crystalline Au-Ni alloy [50] 
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1.2 Reducing agents 
 
     In the electroless deposition process, reducing agents reactions are “core 
reactions” to drive whole process. The present electroless processes frequently use the 
following reducing agents, such as, hypophosphite ion, dimethylamine borane, 
formaldehyde, or hydrazine. To understand the fundamental characteristics of them, the 
outlines of each chemical are introduced with the brief review of the previous 
epoch-making theoretical analyses of them. 
 
1.2.1 Hypophosphite ion 
 
     Hypophosphite ion is the anion which composes the salt of hypophosphorus acid, 
such as sodium hypophosphite, potassium hypophosphite, and calcium hypophosphite. 
This ion consists of one phosphorus atom, as a center atom, and two oxygen atoms and 
two hydrogen atoms, which bond to the center to form a tetrahedral-like structure, 
H2PO2-. This anion is one of the products of the hydrolysis of yellow phosphor in the 
strong alkaline solution; 4P + 3OH- + 3H2O  3H2PO2- + PH3. 
     Sodium hypophosphite hydrate, NaH2PO2-H2O, which is powder of white crystal, 
is often used as a resource of the hypophosphite ion. It is well soluble in water and 
shows deliquescence, though the salt with alkaline-earth metals shows the relatively 
little solubility to water. The melting point of hypophosphorous acid, incidentally, is 
26.5 C [51]. 
     Since the P-O bond have some natures important to understand the phosphate 
bond, which should play key roles in several biochemistries, the fundamental chemistry 
of hypophosphite ion as well as the other oxo acids of phosphorus has interested many 
researchers. In the classic works, several structural analyses were performed using 
spectroscopic techniques and theoretical calculation techniques [52-54]. 
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     While this hypophosphite ion started to be applied as one of the reducing agents 
for the electroless Ni deposition since the first establishment of the deposition bath, the 
sufficient studies of the hypophosphite reactions from the principal viewpoint had not 
been reported. Nakai et al. published the first paper, which explains the reaction 
behaviors of hypophosphite by using quantum chemical calculation [56]. In this work, 
the authors indicated that the oxidation of hypophosphite ion proceeds via the 
five-coordinate intermediate as shown in Fig. 1.2.1. 
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Fig. 1.2.1 Reaction energy profiles of the oxidation of hypophosphite ion in gas phase, 
calculated with ab initio method [56] 
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This result did not correspond to the reaction mechanism described by Van den 
Meerakker [57-59], who claims that the oxidation of hypophosphite ion proceeds via the 
three-coordinate intermediate from the electrochemical measurements. This 
inconsistency between the two mechanisms indicates that the reaction mechanism of 
hypophosphite ion alters according to where the reaction proceeds; if hypophosphite ion 
oxidizes on some metal substrates by Langmuir-Hinshelwood scheme, which should be 
the main scheme of the electrochemical reaction on substrates, the geometrical 
limitation should prevent hypophosphite ion from passing the reaction scheme via 
five-coordinate intermediates favorable in the gas phase. 
     Nevertheless, the theoretical fact that hypophosphite ion originally passes the 
reaction pathway via five-coordinate intermediates is suggestive. Five-coordinate 
intermediate is considered to be a kind of hypervalent molecule, which can be formed in 
the case that the center atoms can pass its valence electrons easily to near atoms to form 
the “non-bonding orbitals”. Considering this scheme to form five-coordinate 
intermediate, the theoretical fact shown above indicates that hypophosphite ion should 
show its characteristics to form non-bonding orbitals when reacting. Therefore, such 
characteristic of hypophosphite ion is expected to be observed somehow even when it 
reacts through the pathway via three-coordinate intermediates on the substrates. 
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1.2.2 Dimethylamine borane 
 
     Dimethylamine borane, (CH3)2NH-BH3, is one of the most widely used reducing 
agents for electroless plating as well as hypophosphite ion. This molecule consists of 
both amine part and borane part. The borane part is often described to be negatively 
polarized, whereas the amine part is positively polarized. When applied to the practical 
bath system, B-N bond is cleaved, and the borane part works as the reducing agent to be 
oxidized by OH-. 
     Although this compound is often treated as the white crystal flour, the melting 
point of it is not so high, 36 ℃. For this reason, it is required to be reserved in the 
refrigerator. The boiling point is 59–65 ℃ (1-2 mmHg). Though it is soluble in water, 
it should decompose in it [51]. 
     Even before used for the electroless plating, dimethylamine borane had been 
applied as a reducing agent for reduction process of some organic compounds, such as 
carbonyl group, or Schiff Bases [60]. Also borohydride, with the similar reaction 
behavior to dimethylamine borane, was focused as an efficient reducing agent. Such 
compounds including boron will have been useful agents for some key industrial 
processes. 
     Homma et al. investigated the detailed reaction mechanism of dimethylamine 
borane for the first time using quantum chemical calculation, as well as the other major 
reducing agents [61-63]. Their works interestingly indicate that dimethylamine borane 
shows the reaction pathway via five-coordinate intermediate as well as hypophosphite 
ion. Moreover, the high stability of this pathway is shown to be supported by the 
non-bonding orbital formation within the five-coordinate intermediate. The importance 
of the non-bonding orbital is often emphasized in the discussion about the synthesis 
mechanism of diborane, which should be also the key in the dimethylamine borane 
reactions. 
     Also in this case, the reaction scheme in gas phase and that on the substrates 
should be totally different. However, such characteristics shown in the reaction in gas 
phase would be observed in the reaction on substrates. 
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Fig 1.2.2 Reaction energy profiles of the oxidation of dimethylamine borane in gas 
phase, calculated with ab initio method [61] 
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1.2.3 Formaldehyde 
 
     Formaldehyde is the simplest aldehyde of all organic compounds with the 
structure of HCHO. It is generated by some incomplete combustion of organic materials, 
such as wood, or sugar. Since aldehydes are generated by the oxidation of alcohols, the 
simplest way to obtain the formaldehyde is to oxidize the methanol. Further oxidation 
of the formaldehyde provides formic acid. 
     This compound is used mainly in three ways, (i) as a material for synthetic resin, 
(ii) as a material for drugs, (iii) as a reagent for the chemical analyses. In particular in 
the third case, the reduction activity of the formaldehyde is utilized, which is similar to 
the electroless deposition process. Although this aldehyde naturally exists as gas phase, 
the solution of this gas is commercially sold. The name of “formalin”, which is often 
called in usual scenes, is the solution of formaldehyde; especially 40% solution is major. 
The characteristic, which should be especially described, is its pungent odor and its 
acridity to the skin and the eyes, which should be cared in actual use. The melting point 
and the boiling point of the formaldehyde itself are -92 ℃, and -21 ℃, respectively 
[51].  
     As described above, formaldehyde shows the reduction activity, though it is not 
so strong as hypophosphite ion. This chemical property started to be utilized in 
electroless Cu deposition in 1900s. Also in Japan in 1934, the application example of 
electroless Cu deposition was reported. Although it has environmental load, the 
formaldehyde has been and will be applied widely in the process for its advantages in its 
cost and the reactivity on the Cu substrates [1-3]. 
     Shimada et al. have reported the theoretical analyses of the reaction mechanism of 
formaldehyde, relating to other aldehydes [65,66]. They also reported that formaldehyde 
reacts through the pathway with five-coordinate intermediate. This is surprising because 
such hypervalent-like molecules as five-coordinate intermediate is not a specialty of the 
carbon-centered molecule, which has the difficulty to form non-bonding orbitals. 
However, the recent experimental and theoretical studies indicate the possibility of 
carbon-centered molecule to form non-bonding orbitals and to form hypervalent 
molecule. The theoretical results shown above might show such backwoods of the 
simplest organic compounds such as formaldehyde, which stimulates our interests. 
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Fig. 1.2.3 Reaction energy profiles of the oxidation of formaldehyde in gas phase, 
calculated with ab initio method [65] 
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1.2.4 Hydrazine 
 
     Hydrazine is the molecule involving two nitrogen atoms as center atoms, which 
usually exists as colorless liquid. This is obtained by mildly heating the mixture of 
hydrazine hydrate and sodium hypochlorite. The molecular structure is NH2-NH2, which 
has 1.47 Å N-N bond and 1.04 Å N-H bonds. 
     The major characteristic of this compound is its toxicity and odor. It is known to 
react on the skin, the mucosa, or the organ of respiration drastically, which is recognized 
to be extremely toxic. Its odor is known to be similar to ammonia, which must be 
pungent to human beings. Another significant chemical property of hydrazine is its 
activity for reduction, for which hydrazine reacts actively with a few oxidant, such as 
halogen, nitric acid, or potassium permanganate. The melting point and the boiling point 
are 1.4 ℃, and 113.5 ℃, respectively [51]. 
     Hydrazine sulfate was produced as the first compound relating to hydrazine in 
1887, which becomes a trigger to seek the method to synthesize pure hydrazine. The 
pure hydrazine was synthesized at last in 1907 by Raschig’s remarkable method. Since 
then, hydrazine has been used as one of the major reducing agents in engineering fields. 
In particular, it has greatly contributed to the spacecraft engineering, that is, it is used as 
the materials of a rocket fuel. Also as a reducing agent of electroless plating, hydrazine 
has contributed to fabrication of pure metal thin films, which contains little amount of 
impurity elements. Since it would have carcinogenicity, hydrazine now is expected to be 
substituted for other safer agents [51]. 
     Shimada et al. investigated the reaction mechanism of hydrazine by using 
quantum chemical calculation [67]. Although the fundamental molecular structure of 
hydrazine is totally different from the other major reducing agents, such as 
hypophosphite, borohydride, or formaldehyde, comparison between them is possible 
from certain point of view. The original reaction pathway of hydrazine was suggested 
through such theoretical procedures; in this pathway, hydroxyl group attacks not the 
nitrogen, the center atom of hydrazine, but the hydrogen atom bonding to nitrogen, 
whereas hydroxyl group attacks the center atom of agents in the five-coordinate 
intermediate pathway of hypophosphite ion, dimethylamine borane, formaldehyde. Such 
original reaction pathway of hydrazine might be derived from the characteristic lone 
pair, attributed to the center atom nitrogen. When hydroxyl group approaches the center 
atom, the strong repulsion would work between the lone pair of nitrogen and that of 
hydroxyl group. This fundamental information will provide the new viewpoint for some 
hydrazine engineering fields. 
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Fig. 1.2.4 Reaction energy profiles of the oxidation of hydrazine in gas phase, 
calculated with ab initio method [67] 
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1.3 Catalytic activity of metal surfaces 
 
     Electroless deposition process should involve the autocatalytic reaction in order 
to obtain the metal thin films with proper thickness. Since metal surfaces do not 
necessarily show the catalytic activity on the reactions of the reducing agents, reducing 
agents should be chosen carefully to each deposition process. Considering this situation, 
understanding and controlling the mechanism of catalytic activity of metal surfaces are 
necessary to design the fine electroless processes. 
     This section introduces some aspects of catalytic activity of metal surfaces on 
some important electrode reactions. First, the catalytic activity on hydrogen electrode 
reaction is focused as one of the most fundamental and universal schemes. Second, the 
catalytic reaction of formaldehyde on several metal surfaces is focused as one of the 
most well studied reactions. Then, one of the most suggestive works of Ohno et al. 
showing the catalytic activity on several major reducing agent reactions is introduced. 
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1.3.1 Hydrogen electrode reaction 
 
     The catalytic activity of metal surface on the hydrogen electrode reaction as 
shown below is the most typical phenomena. 
2H+ + 2e-   H2 
Because this electrode reaction causes the undesirable effect on various electrochemical 
reactions, it has been widely analyzed to explore the way to control it precisely.  
Through such several analyses, Kita summarized the catalytic activity tendency of 
several metals on the reaction in his paper in 1966, which indicates an important 
regularity [68]. The catalytic activity of each metal surface on the hydrogen electrode 
reaction exhibits the periodic behavior as shown in Fig. 1.3.1, in which “log i0” 
represents the logarithm of exchange current density of the reaction showing the 
significance of catalytic activity of each metal surface. This periodicity can be 
elucidated, considering electronic structure of each metal; whether the electrode is 
d-metal or sp-metal determines the catalytic behavior. 
 
 
 
 
Fig. 1.3.1 Periodic variation of exchange current density of hydrogen electrode 
reaction on several metal surfaces [68] 
 29 
Observation of the dependence of log i0 on the adsorption energy of hydrogen and that 
on the work function of the metal, shown in Fig. 1.3.2 and 1.3.3, and the mathematical 
procedure analyzing them provide the mechanism of hydrogen electrode reaction on 
each two type of metal surface. (Although this mathematical procedure is important in 
the discussion about the reaction mechanism, it is omitted in this section, see [68].) On 
d-metal surfaces, the reaction proceeds according to the following step, in which the 
latter reaction is the rate-determining step. 
H+  +  e-    H 
H  +  H    H2 
On sp-metal surfaces, the reaction proceeds according to the following step, in which 
(also) the latter reaction is the rate-determining step. 
2H+  +  e-    H2+ 
H2+  +  e-    H2 
In other words, hydrogen tends to adsorb as atoms on d-metal surfaces during the 
reaction, whereas it tends to adsorb as a molecule on sp-metal surfaces. 
 
Fig. 1.3.2 Dependence of 
exchange current density on 
heat of adsorption of hydrogen 
on each metal surface [68] 
Fig. 1.3.3 Dependence of 
exchange current density on 
work function of each metal 
surface [68] 
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     These tendencies are understood from a theoretical viewpoint, referring to the 
work by Nakatsuji et al [69,70]. They analyzed theoretically adsorption behavior of 
hydrogen on the most typical d-metal, Pd, which shows the function of d-orbital on the 
dissociative adsorption of hydrogen molecule. Since the electronic structure of Pd atoms 
dissociate efficiently hydrogen molecule, hydrogen strongly tends to adsorb on Pd with 
its structure dissociated (Fig. 1.3.4). Moreover, they claimed that the electron 
correlation involved in Pd surface plays the key role to this dissociation; the calculation 
without considering the electron correlation cannot provide the result showing the 
dissociative adsorption of hydrogen on Pd as shown in Fig. 1.3.5. These characteristics 
of Pd surface are considered to common to other d-metals and they are reflected in the 
theory proposed by Kita [68]. 
 
 
Fig. 1.3.4 Schematic orbital 
correlation diagram showing the 
interaction between adsorbing 
H2 and Pd2 [70] 
Fig. 1.3.5 Potential energy diagram 
of H2 dissociation on Pd2, in which 
the distance between H2 and Pd2 is 
fixed at 1.5 Å. [70] 
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     Relating to this concept of the catalytic activity behavior of metal surface on 
hydrogen reaction, the mechanism of hydrogen reaction on the alloy consisting of 
d-metal and sp-metal are shown by Meerakker et al. [59]. They proposed that small 
amount of d-metal, such as Pd, Pt, or Ni, alloyed in sp-metal, such as Cu, reduces 
hydrogen evolution reaction (Fig. 1.3.6). This is understood by the claim that d-metals 
which favor the atomic state hydrogen to adsorb should suppress the evolution of 
molecular hydrogen to promote the oxidation of hydrogen, 
H  +  OH-    H2O  +  e- 
Moreover, they proposed that increase of the amount of alloyed d-metal would decrease 
the ratio of hydrogen evolution dramatically. This example typically indicates that 
understanding and controlling catalytic activity of metal surfaces can improve the 
controllability of the electroless plating processes. 
 
 
Fig. 1.3.6 Schematic representation of the reactions occurring at a Cu-Pt alloy, reflecting 
the catalytic activity of each metal surface on hydrogen evolution reaction (The 
thickness of the allows represents the relative rates) [59] 
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1.3.2 Formaldehyde reaction 
 
     Catalytic activity on formaldehyde reaction has been well studied, because it is 
the most practical reducing agent for the electroless Cu deposition. 
     Catalytic activity of various kinds of metal surface was evaluated by measuring 
polarization behaviors in the work of Ohno et al. [12] Fig. 1.3.7 shows anodic 
polarization curves of formaldehyde on several metal surfaces, in which pH of the 
plating bath is kept 12.5. As one of the indexes of the catalytic activity, Ohno et al. 
focused on the potential value at 10-4 A/cm2 of current density. According to this value, 
the catalytic activity of each metal is evaluated to be in the order, Cu, Au, Ag, Pt, Pd, Ni, 
Co. In the alkaline bath, therefore, formaldehyde is most favorably catalyzed by Au, 
which is also shown by the other result [71].  
 
 
 
Fig. 1.3.7 Polarization curves for the anodic oxidation of formaldehyde on several metal 
surfaces (Dotted line: current attributable to the anodic dissociation of Cu and Co 
electrodes) [12]
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     Interestingly in acid bath, Pd and Pt work as more favorable catalyst than Au. 
This is derived from the formation of surface oxide. In the acid bath, Pd and Pt tend to 
form surface oxide at more negative potential than Au, which enables reducing agent to 
oxidize at more negative potential efficiently (Fig. 1.3.8). By this effect, formaldehyde 
oxidizes at more negative potential than the case without surface oxide. Such influence 
should be properly considered when the catalytic activity is elucidated. 
 
 
Fig. 1.3.8 Cyclic voltammetry curves for Pt in 1 M HClO4 + 0.1 M formaldehyde (solid 
curve) and 1 M HClO4 (dashed curve). Ar saturated, 0.458 cm2 electrode area, 0.1 V/sec 
scan rate, at 298 K. [1] 
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     Alloying different metals provides several variations in catalytic activity. Pd-Au 
alloy is known to exhibit stronger catalytic activity than Pd on formaldehyde reaction. 
Increasing the ratio of Au in the alloy will increase the activity of the alloy as shown in 
Fig. 1.3.9 [71]. The difficult thing is that the existence of Au in the alloy would not 
necessarily provide strong activity; Pd90Au10 shows weaker activity than Pd. Although 
such a complicated situation does exist behind the reaction on the alloy surface, 
designing the alloy is one of the most practical ways to control the reactivity of 
formaldehyde. 
 
 
 
Fig. 1.3.9 Time dependence of the currents of oxidation of formaldehyde on each metal 
surface [1] 
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1.3.3 Reducing agent reactions 
 
To describe the behaviors of typical reducing agents and the tendency of catalytic 
activity of typical metal surfaces, Ohno et al. systematically investigated the anodic 
polarization behavior of several reducing agents on several metal surfaces [12]. They 
focused on hypophosphite ion, formaldehyde (see Fig. 1.3.7), borohydride, 
dimethylamine borane, and hydrazine as reducing agents, and in the same way, focused 
on Co, Ni, Pd, Pt, Cu, Ag, and Au as metal surfaces. 
     In order to observe the behavior of anodic reaction of each reducing agent, 
polarization curves were measured, as shown in Fig. 1.3.10. 
Based on the reaction model described in electrochemistry, the reactivity of an 
anodic reaction is estimated by evaluating the position of the potential which the 
polarization curve start to rise at. Using this strategy, the authors have estimated the 
reactivity of reducing agents, i.e. the catalytic activity of metal surfaces on the reaction. 
The authors defined this potential to be the potential which provides 10-4 A/cm2 of 
current density, which is called the “characteristic potential” in the part of this paper. 
The characteristic potentials of each reducing agent reaction on each metal surface is in 
the following order, as shown in Figs 1.3.10, (i) in the case of hypophosphite ion, Au, 
Ni, Pd, Co, and Pt, (ii) in the case of borohydride, Ni, Co, Pd, Pt, Au, Ag, and Cu, (iii) 
in the case of dimethylamine borane, Ni, Co, Pd, Au, Pt, and Ag, (iv) in the case of 
hydrazine, Co, Ni, Pt, Pd, Cu, Ag, and Au. These orders are considered to be strongly 
related to those of the significance of catalytic activity. 
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(a)           (b) 
(c)           (d) 
Fig. 1.3.10 Polarization curves for the anodic oxidation of each reducing agent, (a) 
hypophosphite ion, (b) borohydride, (c) dimethylamine borane, and (d) hydrazine [12] 
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Dotted plots represent the curves of the anodic dissolutions (M  Mn+ + ne-) of 
electrodes. Therefore, if the dotted plots appear at more negative potential than the 
anodic curve of reducing agents on the surface, it indicates that reaction of the reducing 
agents on the metal surface is extremely hard to proceed. In other words, the dotted 
plots at the negative potential mean no catalytic activity that the metal has to the 
reducing agents reaction. Such plots are shown in the case of hypophosphite ion on Cu 
and on Ag and the case of dimethylamine borane on Cu. It is important to obtain from 
these profiles information about such deactivation effects of metal surfaces. 
     Authors note that there are three types of plot shapes are observed in these 
figures; they are the Tafel type, the Tafel type with limiting current, and the volcano 
type. The word of the “Tafel type” plot means that plot representing the reaction whose 
rate is controlled by charge transfer. The Tafel type with limiting current appears when 
the reaction rate is limited by diffusion. The volcano type of curve appears when the 
metal surfaces are oxidized to be filled with anodic oxide film. The characteristic of the 
metal surface and the condition of bath composition should be the major factors which 
determine the shape of the curves. The Tafel types are frequently shown in the case of 
hydrazine, which is attributed to plenty of reactants, hydrazine. The Tafel types with 
limiting current are frequently shown in the case of formaldehyde (see Fig. 1.3.7), 
which is attributed to limited amount of formaldehyde in the bath. The volcano types 
are frequently shown in the case of reactions on Ni and Co, which indicates that these 
metal surfaces might form anodic oxide film easily. As shown above, although the 
shapes of these profiles represent some characteristics of reactions, they anyhow show 
little information about the catalytic activity of the surfaces. 
     Then, to determine the relationship between the characteristic potential and the 
activation energy of the anodic reaction, Arrhenius plots were analyzed and the values 
of the activation energy were estimated on the latter half of the paper. At the same time, 
the frequency factors were also estimated. The relationships between the potential and 
the activation energy in each case were shown in Fig. 1.3.11. 
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     There is strong relationship in cases of hypophosphite ion and dimethylamine 
borane. In these cases, the activation energy should be the most important factor which 
determines the reaction behavior of these agents on metal surfaces. Meanwhile, there 
are slight relationships especially in cases of borohydride and formaldehyde, in which 
there are scattered values of the activation energy regardless of the value of the potential. 
These two cases are not simple to discuss.  
The correlation of the characteristic potential with the activation energy 
approximately corresponds to the correlation of the characteristic potential with the 
change rate of the curve, for the activation energy, which is strictly called as activation 
Gibbs’ free energy, should be involved in the change rate. Therefore, the result shown in 
Fig. 1.3.11 should indicate the lack of the correlativity of the characteristic potential 
with the change rate of the curve; for example in the case of formaldehyde, while the 
characteristic potential on Cu is more negative than that on Au, the change rate on Cu is 
smaller than that on Au. 
     Authors refer in the paper to such relationship, struggling to explain especially the 
results of borohydride and formaldehyde. Although the hydrogen evolution is suggested 
to be related to the results, the clear answer has not been obtained. 
Fig. 1.3.11 Relationship between activation energies and the characteristic potential [12] 
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The point which ones have to understand with great care is that the simplified 
order of catalytic activity introduced above, such as “Cu, Au, Ag, Pt, Pd, Ni, Co” for 
hypophosphite, is not absolute reference. Typical example is shown in polarization 
curve for borohydride reaction, in which the order should easily vary if the definition of 
characteristic potential is altered to such as the potential at 10-5 A/cm2, or the potential at 
3 x 10-4 A/cm2. As the authors also admitted, such definition of the potential was 
introduced using simple assumption because of the complexity of the reaction 
behaviors. 
     Moreover, the value of frequency factors should be further discussed to 
understand the behaviors of those polarization curves as well as the activation energy. In 
particular, when the statistical models are built in some theoretical analyses, this factor 
should be one of the most important references and the key to fully understand the 
reaction behaviors. 
     While such cares are needed, it is nevertheless certain that this paper provide the 
important guideline to construct the electrolees plating process; many researchers and 
engineers have referred to this paper since its publication. 
     Furthermore, one of the most important things involved in this paper is the claim 
that some metal surfaces exhibit no catalytic activity on reactions of particular reducing 
agents. For examples, Cu surface exhibits no catalytic activity on hypophosphite 
reaction, whereas Ni and Pd surfaces exhibit strong catalytic activity. 
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1.4 Environmental factors 
 
     There are two of the most important factors determining the behaviors of 
electroless deposition process: the reactivity of the reducing agents and the catalytic 
activity of the metal surfaces. In addition, there are some other factors which are not 
primal but secondary to influence the relationship between the reducing agents and the 
metal surfaces. The major examples of them to be introduced are, solvents especially at 
the solid-liquid interface, the surface morphology, and additives. The following parts 
briefly introduce each factor. 
 
1.4.1 Solvents 
 
     Before the explanation of the solvent effects on the reaction systems at the 
solid-liquid interface, it is useful to describe the structure model of solid-liquid interface 
in general.  
At first, the solid-liquid interface consists of the following major factors, (i) metal 
surface, (ii) anions, (iii) cations, and (iv) solvent molecules. The characteristic 
distribution of these (ii) - (iii) three factors provides the structures specific to interface 
which are completely different from the bulk structures. Anions and cations in a solution, 
to some extent, generally solvates, which indicates the necessity of these ions to 
dissociate the solvent molecules in order to interact with the metal surface directly. 
Therefore, the possibility of these ions to adsorb directly on the surface depends on the 
balance between the thermodynamic stability of the solvate and the stability of the 
adsorption state without solvate structures. Although a few special cases of particular 
anions shows that the stability of the adsorption state without complete solvent 
structures is greater than that of the solvate, many general anions and cations adsorb on 
the surfaces with their solvate structures, which prevent such ions from approaching the 
surface closer than the distance corresponding to the size of solvents. The physical 
model layer which is located to penetrate the center of such ions with solvate structures 
is called outer Helmholtz layer (OHL). The inner side of this layer gathered counter ions 
to the metal surface charges to form electric double layer. On the outer side of this layer, 
Stern model, in which ions can be modeled as the point charges, should be meaningful. 
Based on this Stern model, the concentration of the counter ions exponentially decreases 
according to the distance from the OHL [72]. 
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     Considering such model, the 
solvent molecules are expected to 
play a key role. For example, they 
will be physical obstacle to the direct 
adsorption of the ions, and also be 
stabilizer of the ions. Such concept is 
necessary for the thermodynamic 
comprehension for the electro- 
chemical reactivity of these ions at 
the solid-liquid interface. 
     Solvent has another important 
aspect as the dielectric material. 
Water can be described to be the 
dielectric material with ~80 of 
dielectric constant. The solvent with 
such characteristic provides the 
drastic change of the electronic 
structures of the solute molecules, 
which in turn provides the drastic 
change of the reactivity of the solute 
molecules [73-75]. To elucidate the 
reaction at the solid-liquid interface, 
therefore, the discussion involving 
such aspect of the water as the dielectric material might be necessary. However, 
interestingly, dielectric constants of the water at the interface are indicated to be 
completely different from those in the bulk region by Bockris [76]; dielectric constants 
of the water drastically decrease near the interface to be only ~6, which shows that the 
characteristic of the water as dielectric material is not significant at the interface and 
should provide relatively little influence on the electronic states of the adsorbates.  
     The point of this part is as follows. Solvent molecules show great influence on the 
adsorption states of the ion on the metal surfaces. The influence on the ions strongly 
solvating is especially significant. When understanding the behaviors of the reaction 
systems at the solid-liquid interface, this effect is necessary to be considered carefully. 
Fig. 1.4.1 Detailed model of the electric double 
layer at the solid-liquid interface [76] 
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1.4.2 Surface morphology 
 
     The geometrical configuration of surface atoms is widely known to influence 
significantly the behavior of catalytic reactions, for the electronic states of surface 
atoms and the geometry of adsorption sites of some molecules depend significantly on 
the surface morphologies. In particular in the research field of the catalytic chemistry, 
the plane orientation dependency of several kinds of reactivity has interested researchers. 
The recent development of the precise surface improvement technique and of the 
measurement systems for the surfaces reactions enable to analyze such dependencies to 
specify the reactions sensitive to the surface morphology difference as well as the plane 
orientation improving the reactivity of the particular reaction. Here, the influences of 
surface structures on the surface reactivity are explained, by introducing one of the 
examples of such a study. 
     Spencer et al. reported first the plane orientation dependency of the catalytic 
activity of iron catalysts on the synthesis of ammonia, N2 + 3H2  2NH3 [77]. To 
elucidate the dependency, they focused on three major plane orientations, Fe(111), (100), 
and (110), and analyzed the catalytic activities of them.  
 
 
 
Fig. 1.4.2 Low-index of planes of Fe with the body-centered cubic lattice; (100), (111), 
and (110) [77] 
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     As the most important result in this paper, the relative rates of the synthesis of 
ammonia are measured to be 418 : 25 :1 for (111), (100), and (110). This result indicates 
that the catalytic activity of (111) orientation is the highest of all, as well as that the 
reactivity of ammonia synthesis on Fe surface is extremely sensitive to the surface 
morphology. 
This dependency should be strongly related to the packing density of the plane. 
Fe has a body-centered cubic lattice. The packing density in this case is in order, (111) < 
(100) < (110). The surface atoms on the plane with the lower packing density have 
greater possibility to interact with the other atoms. Therefore, the activity of the surface 
atoms for the interaction with the other atoms is in order, (111) > (100) > (110). Because 
this order should be strongly reflected to the order of the catalytic activity of Fe, also the 
catalytic activity is in order, (111) > (100) > (110). 
     This result corresponds to the conclusions from studies about the plane 
orientation dependency of the catalytic activity of iron surface on the dissociative 
chemisorption of nitrogen [78-80], which indicates the reactivity of ammonia synthesis 
to strongly depend on the activity of this chemisorption. 
     As described above, the surface morphology should influence significantly the 
behavior of the surface reaction. The same discussion is expected to be applied to some 
reactions on the actual electrode surfaces. The metal surfaces are generally known to 
have several defect parts. In these parts, the catalytic activities characteristic of each 
defect should presence, for such defect parts consist of several planes with each own 
orientation. Therefore, in order to elucidate the catalytic activity of metal surfaces 
sufficiently, influences of such defect parts on the reactivity should be also analyzed 
carefully. 
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1.4.3 Additives 
 
     Small amount of additives added into the electroless deposition bath is widely 
known to influence significantly the deposition behaviors. As additives showing such 
effects, compounds such as thiourea, cytosine, pyridine, benzotriazole, and 
2-mercaptobenzothiazole, are focused on [81-86]. These additives generally exhibit 
either acceleration or suppression effects on the deposition according to several 
conditions of bath. However, such variety of influences naturally involves complexity of 
behavior of itself. To achieve precise control of the deposition processes, it is necessary 
to elucidate the mechanisms. 
     As one of the first and the most popular analyses on the additive effects on the 
electroless processes, the work by Sallo et al. [87], which concerns the analyses on the 
thiourea. They mainly analyzed the influences of thiourea on the electroless Ni 
deposition process. In this work, they attempted to elucidate the mechanism showing 
how such small amount of thiourea causes various effects on the process when bath 
conditions are altered in various ways. The small amount of additives has been found to 
influence the reaction behaviors of electroless deposition already by the pioneers of 
industrial electroless process [88,89]. Moreover, the experimental results about the 
effects of additives on the electrodeposition process had started to be reported [90,91]. 
Based on this background, Sallo et al. focused on the effect of additives on the 
electroless process. 
     To analyze the mechanism of influences of thiourea on the electroless Ni 
deposition processes, they traced the sulfer-35 and carbon-14 labeled thiourea during 
the deposition. In this experiment, the acidic bath, pH is 6.0, was prepared, in which the 
hypophosphite ion was used as a reducing agent. The amount of thiourea is 0.15 – 1.5 
mg/L, which is much smaller than the amount of the hydrate sodium hypophosphite or 
that of the hydrate nickel chloride, 10, 30 g/L, respectively. As the result of the analyses, 
the inclusions of elements, which are derived from the thiourea, were confirmed to 
increase with the increase of the concentration of thiourea in the solution. Moreover, the 
relationship between the concentration of thiourea and the deposition rate of Ni was 
connected to the tendency of the inclusions of the elements to propose the following 
operation mechanism of thiourea in this process. 
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  (a)                                              (b) 
Fig. 1.4.3 Buildup of each element in the deposit at several thiourea concentrations, (a) 
sulfur, (b) carbon, from thiourea [87] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4.4 Comparison between the rate of nickel deposition and the rate of sulfur 
buildup in the deposit [87] 
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     When the concentration of thiourea is low, the Ni deposition is facilitated. This is 
because thiourea should form the complex-like compound with Ni ion to enhance its 
reduction. Moreover, the reduction of this compound facilitates the inclusions of some 
elements from thiourea into the deposited films. When the concentration of thiourea is 
high, the Ni deposition is suppressed. This is because the oxidation of hypophosphite 
ion on metal surface is interfered by the high coverage of thiourea adsorbed on the 
active sites of the surface. 
     Although the adequacy of the detailed part and the universality of such 
mechanisms above should be further discussed, their work certainly provides the 
guideline to consider the mechanism of additive influences from certain point of view. 
After this work, they and the followers have been continuing to investigate the effect of 
additives, such as thiourea as well as others under various conditions. 
     Nevertheless, the chemistry of additives involves many suggestions for the 
deposition process, which is necessary to be much more properly applied in order to 
improve the efficiency and the quality of the processes. In order to achieve such 
improvement, it is obviously necessary to know further about the additive behaviors in 
detail. 
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1.5 Theoretical Approaches 
 
     Theoretical approaches have been widely applied in the research fields about 
chemistry as a result of the development of numbers of remarkable calculation theories 
and the progress in the computing technology. The academic field for elucidating some 
chemical phenomena using such theoretical approaches and developing some theories 
for theoretical analyses is called as “computational chemistry”, which has been focused 
as an important and powerful tool providing the chemists with information difficult to 
obtain using experimental procedures. 
     Computational chemistry involves mainly two types of simulation techniques, 
quantum chemical simulation and molecular simulation. 
     The quantum chemical simulation [92,93] is the technique that simulates the 
behaviors of electrons around some atoms or molecules and calculates the interaction 
which is important in discussion about the chemical reaction, such as chemical bonds, 
or the stable states of molecule, based on Schrödinger equation. Since Schrödinger 
equation for the system with many electrons which is important to analyze in the field 
of chemistry is hard to solve, the adequate approximation theories and techniques for 
expressing wave-like behavior of electrons are required to be developed, which is one of 
the most important missions of the quantum chemistry research field. Two major 
theories are involved in quantum chemical simulations, (i) wave function theory (WFT) 
that calculates the states of electrons using wave function of electrons, (ii) density 
functional theory (DFT) that calculates the states of electrons using distribution of 
electron density. The progress in the former promoted the unified understanding of 
some chemical phenomena, and invention of the latter and hybridization of the former 
and the latter greatly contributed to the recent spread of quantum chemical analyses. 
Accompanied with the improvement of the computer performance, the theoretical 
analyses using such hybridized methodologies have been popular. 
     The molecular simulation is the technique that simulates the molecular behavior 
based on classic dynamic expression. In this simulation, the empirical parameters are 
used for expressing the interaction between molecules. The molecular simulation has 
mainly two types of methodology, (i) molecular dynamics (MD) that analyze the time 
dependency of the kinetics of molecules using Newton equation, (ii) Monte-Carlo (MC) 
simulations that analyze the behavior of statistic ensembles using statistical 
thermodynamics. These two types of methodology should be used properly to achieve 
ones objectives. 
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     Since the computational chemistry consists of several categories each with its 
own theory and philosophy as introduced above, each methodology should be used in 
proper application. Here, DFT calculation and MC simulation are focused, for they play 
a key role in the theoretical analysis on the chemical reaction at the solid-liquid 
interface. 
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1.5.1 Density functional theory calculation 
 
     Density functional theory (DFT) [94] calculation provides the energy of electrons 
from the “functional” of the distribution of electron density ρ (r).  
The claim that the energies of electrons E are determined by ρ (r) is proved by 
surprisingly simple logic using reductio ad absurdum as follows [95]. First, assume that 
two different energy values, E0 and E0’, should be obtained from the same ρ (r). This 
assumption also means that two different outer potentials, ν and ν’, two different 
Hamiltonians, Ĥ and Ĥ’, and two different wave functions, Ψ and Ψ’ should be derived 
from the same ρ (r). 
ΨΨ HE ˆ0 = ,  ΨΨ ''0 ˆHE =  
Since the energy from the different wave function should be larger than the true value, 
''''''''
0
ˆˆˆˆ ΨΨΨΨΨΨ HHHHE −+=<  
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0
ˆˆ ΨΨ HHE −+=  
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When these two equations are summed, 
0
'
0
'
00 EEEE +<+  
Since this equation is inconsistent, the first assumption must be inconsistent. Hence, two 
different energy values should not be obtained from the same ρ (r). In the same way, 
one ρ (r) is proved to correspond to only one peculiar energy value E0. 
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     Using an electron density, ρ (r), the total energy should be expressed as follows, 
 
)]([)()('
'
)'()(
2
1)]([ rrrrrr
rr
rr
r ρρυρρρ XCstotal EdddTE ++
−
+= ∫ ∫  
 
The first term represents the kinetic energy of Kohn-Sham (KS) orbitals [96]. The 
second term represents the repulsion between two electrons. The third term represents 
the outer potential (in most case, the charge influence from nuclei). The fourth term 
represents the exchange-correlation energy. The electron density, ρ (r), is calculated 
using KS orbitals, )(rSKa −Ψ , consisting of each basis set )(riφ , as follows. 
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KS orbitals, )(rSKa −Ψ , are obtained using KS method, in which the equation of kinetic 
energy is modified for the practical usage and the expected errors are treated in another 
term. From equations above, the orbital coefficients, Cia, which determine the KS 
orbitals, are important to determine the energy values. This coefficient value is obtained 
through SCF process based on the particular conversion conditions to be used in energy 
calculations. 
     Thus, energy values of electrons are calculated using electron density in DFT. 
This theory is known to reduce the calculation costs significantly, which is considered to 
be the most important merit of this theory and is the factor that has spread this theory as 
the practical analysis methodology on the experimental research field of chemistry. 
     The difficult point of DFT is involved in the functional, especially the 
exchange-correlation functional. The problem is that the exchange-correlation 
functional could not be obtained from the first principle approach. Hence, it is important 
when using DFT to determine the exchange-correlation functional so that the adequate 
results should be obtained. It is also important to use proper functionals for each case. 
The example of the exchange functional, XE , which was proposed by Becke in 1988 
[97], and the example of the correlation functional, CE , which was proposed by 
Perdew and Wang in 1991 [98,99], are shown below. 
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B3LYP functional [100], which hybridizes several functionals, is applied widely to the 
analyses of organic chemistry recently, and can be applied to many purposes. Such 
functionals, however, include weak points, such as inconvenience in the expression of 
the system consisting of radicals, which should be noted. 
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1.5.2 Monte-Carlo simulation 
 
     Monte-Carlo (MC) simulation [101] for some chemical systems provides the 
statistically rational structures of some particle ensembles by choosing randomly and 
evaluating the statistical adequacies of their own. 
     One of the most widely used processes is Metropolis method [102], as shown 
below. First, the ensemble consisting of some particles is somehow prepared. Next, one 
particle composing the ensemble are randomly chosen. Then, the chosen particle is 
moved to the random direction and for random distance so that the new configuration of 
the ensemble is obtained. Then, the new ensemble is tested whether it is statistically 
adequate using the following determination flow. When the energy of the new ensemble 
is more negative, the ensemble is accepted as the adequate one. If not, the new one is 
accepted at random. This means that when the energy difference between the new one 
and the old one, ∆E (which is Enew - Eold), satisfies the equation, rRTE >− )/exp( ∆  
( 10 << r , r is a random number), the new one is accepted as the adequate one. If the 
new one is not accepted in both flows, it is abandoned. After adequate numbers of 
iteration of these flows, the statistically adequate samples are gathered. Using these 
samples, statistically average ensemble states or some physical parameters are obtained. 
     Although some empirical parameters and the classic force equation are used in the 
energy calculation step, this methodology has been still applied as one of the most 
powerful tools which provide meaningful results about the large size system.  
     As a modern methodology, the hybrid calculation combining the quantum 
chemical calculation with molecular mechanics simulation is often performed to analyze 
huge systems [103-105], in which the quantum chemical calculation is applied to one 
part of the system allowing chemical reaction, and the molecular mechanics, such as 
MC simulation, is applied to the other part of the system without chemical bond 
recombination. 
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1.5.3 Analysis of the electronic structure 
 
     The most useful point of the computational chemistry calculation is that it enables 
the direct observation of the behaviors and states of atoms or electrons and it provides 
understanding of the experimental phenomena from the fundamental viewpoint. Hence, 
not only the procedure of the calculation but also the analyses to comprehend the 
calculation results to connect them and the experimental results is necessary. In 
particular in the case of the quantum chemical calculation which describes electronic 
states precisely and would show the mechanism of chemical reaction, the necessity is 
significant. 
For example, in the case in which two chemical systems approach each other to 
provide new chemical interaction between them, it is necessary to analyze the orbital 
interaction. The simplest method to analyze such interactions is to project electron 
populations into each orbital belonging to the focused chemical systems, based on the 
Mülliken population analysis. The original concept of Mülliken population analysis 
[106] projects the population onto each basis, )(riφ , as shown below. 
 
)(rrρ∫= dN  
  ∑∫=
a
ad
2)(rrψ  
                         ∑ ∑∑∫ 













=
a i
iia
j
jja CCd )()(** rrr φφ  
                     ∫∑ ∑ 





= )()(*
,
* rrr ij
ji a
jaia dCC φφ  
   ji
ji
ij SP∑=
,
 
      ∑
≠
+=
ij
jiijiii SPPN 2
1
 
 
iN  represents the electron populations distributed to the basis i, )(riφ .  
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Using the same concept as this, electron populations should be distributed to the 
molecular orbitals of each system composing the chemical system. 
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In the equations above, ABaψ , Aλψ , and Bµψ  represent the molecular orbitals of the 
whole system, which contains the system A and the system B. aCλ  is a coefficient of 
each molecular orbital. AaNλ  and 
B
aNµ  are numbers of electron that refer to the orbital 
of system A and to the orbital of system B respectively within the ath molecular orbital 
in the adsorbing system. According to this definition, each electron that is distributed to 
each molecular orbital of the whole system would be projected onto each molecular 
orbital of the system A, and B. Such population analysis enables to specify the style of 
orbital interaction between two chemical systems based on chemical characteristics of 
the components to comprehend the interaction. Since electrons spread over some atoms 
or molecules, such projection of the electrons as shown above is naturally artificial. 
Although such projection cannot be justified, Mülliken energy density analysis, which 
divides the total energy of the system into the each component based on the concept of 
Mülliken population analysis, provides the proper understanding of chemical 
reactivities. Hence, Mülliken method is expected to introduce the adequate discussion 
about the chemical interaction. 
 
1.5.4 Models of the reactions at the solid-liquid interface 
 
     There are two important points in the analysis on the chemical reactions at the 
solid-liquid interface, (i) numerous metal atoms and solvent molecules have to be 
modeled, (ii) catalytic activity of metal surfaces have to be elucidated. 
     Considering these points, the calculation models using DFT calculation and MC 
simulation and the population analysis based on the concept of Mülliken population 
analysis must be the proper way to elucidate the chemical phenomena at the interface. 
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1.6 Strategy of this study 
 
     As described, the electroless deposition is one of the most powerful techniques to 
fabricate the functional metal thin films, but nevertheless it involves some problems to 
solve. One of the most important problems is its controllability, which is relatively low 
for the fabrication of the much more highly functionalized devices in near future. For 
example, the controllability for the shape, for the size, or for the physical and chemical 
property of the deposited metal films can be referred. Although many researchers have 
attempted to improve the controllability of the process and have built the progressive 
systems, they still have had the mission to propose much more innovative ones. In 
addition, the stability of the bath, the environmental adaptability of the system, and the 
cost, are also the major problems to focus on. 
     The reason of the difficulty to solve these problems is strongly related to the 
complexity of the bath system consisting of many components interacting with each 
other; the general chemical reactions as well as the case of the electroless deposition 
process have been originally difficult to understand since old time. Because of this, the 
electroless process still has the unrevealed reaction mechanisms to elucidate for the 
innovative process. On the other hand, the theoretical analyses could provide atomistic 
description of chemical reactions, which enables chemists to understand profoundly the 
reaction mechanisms and to obtain the guideline for building new process systems. 
From this point of view, this study focuses on a few theoretical approaches, as described 
above, in order to elucidate a few reaction mechanisms of the electroless process. 
     There are five major reaction mechanisms which should be elucidated, (i) the 
mechanism of the catalytic activity appearance of metal surfaces on the reaction of the 
reducing agents, (ii) the mechanism of chemical or physical interactions between 
components added to the deposition bath which often produce some acceleration or 
inhibition effects, (iii) the mechanism of interfusions of impurities into the deposited 
metal thin films which provide or control the characteristic properties of these films, 
(iv) the mechanism of the crystal growth, (v) the mechanism of influences of bath 
condition on the reaction, such as bath temperature or pH, which should remarkably 
change the reaction behaviors at the solid-liquid interface. In these five mechanisms, the 
most important one should be the problem of (i), that is, the catalytic activity of metal 
surfaces on the reducing agent reactions. There are two reasons for this. One is that the 
catalytic activity of metal surface, which has the direct and enormous influence on the 
surface reaction, should the “primary” factor, whereas the influence of other 
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components and the bath condition is the “secondary” factor, which should influence 
such “primary” factor. The other is that reducing agent reactions should be one of the 
driving factors of whole process, whereas the interfusions of impurities or the crystal 
growth is the next step reaction after such driving reactions. Based on this consideration, 
the first strategy of this study is to focus on “the mechanism of catalytic activity 
appearance of metal surfaces on the reaction of the reducing agents”. Then, the 
additional factors, such as the influence of additives on reducing agents reaction, are 
analyzed by successive. 
     In order to analyze such mechanisms of catalytic activity of metal surfaces, the 
reaction of reducing agents on each metal surface should be modeled and the interaction 
between reducing agents and the surface should be evaluated. DFT combined with MC 
simulation should especially be the most powerful tools in all theoretical analysis 
techniques, and population analyses based on the concept of Mülliken theory for the 
results from DFT calculation should be also meaningful, for these analyses, as shown 
above. The second strategy of this study is to use DFT with MC simulation and to 
analyze the result from them through population analyses based on the concept of 
Mülliken theory. 
 
     To obtain the conclusion with high generality, which can be widely applied to 
practical fields, the target of analyses should involve the generality in itself. From this 
point of view, the analysis on the reaction of hypophosphite ion is more suitable than 
other species, since hypophosphite ion has simpler molecular structure than 
dimethylamine borane or hydrazine and shows the general reaction steps, the exchange 
reaction of H and OH- to emit electrons. The information about the reaction of such 
hypophosphite ion should be somewhat applied to discussions in the cases of other 
reducing agents. Moreover, hypophosphite ion exhibits remarkable reactivity 
differences when the metal surfaces as reaction fields are altered; hypophosphite ion 
reacts on Ni, or Pd surface actively, whereas it shows no reactivity on Cu surface. This 
is the evidence of the catalytic activity differences of metal surfaces obviously 
appearing on the reaction of hypophosphite ion and the analysis of such clear 
differences should lead to clear conclusion about the mechanism of the catalytic activity. 
Based on this consideration, the third strategy of this study is to focus on the reaction of 
hypophosphite ion on metal surfaces with strong catalytic activities and that on surfaces 
with little catalytic activities. 
 
 57 
1.7 Summary 
 
     Although the electroless deposition process is one of the promising techniques to 
fabricate the fine metal thin films for highly functionalized devices, the controllability 
of the process should be more improved. To improve such controllability of the process, 
the strategies based on the fundamental understating for the chemical reaction systems 
in the process is necessary. However, the reaction mechanisms involved in this process 
has not been fully elucidated yet. This is because the chemical reactions occurring in the 
deposition bath shows complex behaviors to make it difficult to analyze the reaction 
mechanism using experimental procedures. 
 
To elucidate the reaction mechanisms in this process for future guidelines to 
propose the innovative reaction system, this study theoretically analyzes the chemical 
reaction occurring at the solid-liquid interface of this process. Since it is the primary 
influential factor on the driving reaction, the mechanism of catalytic activity of metal 
surfaces on the reducing agent reactions is especially focused on. Furthermore, a 
hypophosphite ion is focused as the reducing agent, for the mechanism about this major 
reducing agent should be applied to discussions of other cases. 
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Chapter 2: 
Solvent Effect on Reducing Agent Reaction 
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2.1 Introduction 
 
     For modeling of the reducing agent reactions on metal surfaces in electroless 
deposition, the solid-liquid interface should be modeled appropriately, which involves 
difficulty especially in performing the first-principle calculation of the reaction because 
this interface contains both a number of metal atoms and solvent molecules. Although a 
few studies attempted to propose the model of the solid-liquid interface [1-4], they have 
not permitted generalizing the treatment. 
     To consider this issue, this study models the metal surface and solvent are 
modeled as follows. 
     The metal surface can be modeled as a cluster whose size is sufficient to express 
the reaction field of some adsorbates. Because electrons of metal atoms on bulk exhibit 
strong shield effect on nucleus charge, such cluster model cut from local surface area 
containing the reaction field is often used, neglecting the electric influence from the area 
surrounding the cluster. Although it is much smaller, such a model is known to provide 
sufficient results for analysis of adsorption behavior [5,6]. 
     The solvent can be modeled as the dielectric material using polarized continuum 
model (PCM) [7]. Using this model, a few past studies elucidated the reaction path and 
the reactivity of the agents in the solution [8-10]. However, because this solvent model 
has critical weak point, it is insufficient for modeling the solid-liquid interface; PCM 
model cannot construct gradually changing constant dielectric field, which is major 
characteristic of the solid-liquid interface as shown in the previous chapter. Against this 
problem of the conventional model, this study considers solvent molecules on the metal 
surfaces. In particular, solvent molecules on the adsorbing system are considered. 
Because solvent molecules nearest to the adsorbate show the most significant influence 
on the adsorbing system, solvent molecules directly coordinating to the adsorbate 
should be considered. 
     The objective of this study in this chapter is to elucidate the influence of H2O 
molecules as solvent molecules for the adsorption state of hypophosphite ion on metal 
surfaces, using the solid-liquid interface model which combines two strategies shown 
above. To achieve this objective, this study calculates the hydrated hypophosphite ion 
and analyzes the adsorption state of the ion on metal surface. 
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2.2 Methodology 
 
In this study, it is important to propose the method for calculating the electronic 
state of a hydrated hypophosphite ion. Because the structure of a hydrated 
hypophosphite ion has many local minimum energy points, optimization could be 
complicated. To solve this problem, a statistically averaged structure of a hydrated 
hypophosphite ion was initially calculated by using MC simulation [11]. Then, this 
averaged structure was used as the initial geometry for optimization by DFT. Because 
the statistically averaged structure of a hydrated hypophosphite ion should logically be 
near the global minimum point, the procedure described above is useful for reducing the 
cost of the calculation.  
The condition of the MC simulation is shown below. The water molecule was 
treated as a TIP4P model in the NPT ensemble with a periodic boundary condition. 
Temperature and pressure were set to be 300 K and 1 atm, respectively. The volume of 
the ensemble altered every 600 MC steps. The maximum displacement and rotation of 
the TIP4P model were 0.15 Å and 15°, respectively. Hypophosphite ion was treated as 
shown below. One molecule of hypophosphite ion was located in the NPT ensemble 
described above. Both charge and Lennard-Jones (L-J) parameters are assigned to each 
atom of hypophosphite ion. Charge values of each atom were determined by Mülliken 
population analysis of the optimized structure of hypophosphite ion in gas phase, which 
was calculated with DFT. L-J parameters are modified by referring to Van der Waals 
radius of each atom, hydrogen 1.20 Å, oxygen 1.52 Å, phosphorus 1.80 Å [12]. After 
1,000,000 steps of MC, the statistically averaged hydrated hypophosphite ion in 125 
water molecules cluster is obtained as initial geometry for next DFT calculation. 
The conditions of the DFT calculations are shown below. All DFT calculations 
were performed using B3LYP-level [13,14] DFT implemented in the Gaussian 03 
software package [15]. For the basis sets, the 6-31G** basis set was used for hydrogen 
and phosphorus atoms and the 6-31+G** basis set was used for oxygen atoms [16]. In 
this work, a Pd (111) surface was established as the adsorption field of the 
hypophosphite ion. Because a Pd surface exhibits high catalytic activity upon reaction 
with a hypophosphite ion, an investigation of the adsorption state on a Pd surface should 
provide useful information for the elucidation of the mechanism of catalytic activity. A 
Pd metal cluster model consisting of 1 layer and 10 Pd atoms was used as the surface 
model. The effective core potential proposed by Hay and Wadt were used to represent 
the Ar core in Pd [17]. 
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2.3 Results and Discussion 
 
To obtain the structure of the hydrated hypophosphite ion, the number of water 
molecules coordinating to hypophosphite ion was calculated. First, statistically hydrated 
structures of hypophosphite ion were chosen from the results of the MC simulation. In 
this procedure, the number of water molecules neighboring the hypophosphite ion was 
variously chosen from 1 to 10 (H2PO2- (H2O)n: n = 1 -10). Second, the chosen hydrated 
structures were theoretically optimized through DFT calculations. Third, from the 
optimized structures obtained, the number of the nearest-neighbor water molecules to 
the hypophosphite ion was counted. In this procedure, the nearest-neighbor water 
molecules were defined as water molecules whose hydrogen or oxygen atoms directly 
connected to one of the atoms composing the hypophosphite ion and in which the 
distance between these interacting atoms was around 2.0 Å. Fig. 2.1 shows the number 
of water molecules defined as the nearest-neighbor water molecules after DFT 
calculations. The number represented on the horizontal axis indicates the number of 
water molecules chosen after MC simulation. As indicated in this figure, the number of 
water molecules is saturated at six molecules, which indicates that the hypophosphite 
ion directly interacts with six water molecules, i.e., hypophosphite ion forms hydrated 
structure as H2PO2-(H2O)6.  
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Fig. 2.1. Number of water molecules coordinating to the hypophosphite ion after DFT 
calculations 
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Using averaged structure of hydrated hypophosphite ion involving six water 
molecules from the results of the previous procedure, the hydrated structure of the 
hypophosphite ion was further optimized. Fig. 2.2 shows the most stable optimized 
structures of a hypophosphite ion hydrating with six water molecules. There are two 
major characteristics in this structure. One is the location of the water molecules. 
Interestingly, all six water molecules interact with the oxygen atoms of hypophosphite 
ion; i.e., there are no water molecules around the hydrogen atoms. This structure should 
be derived from the particular characteristic of the electrostatic state of hypophosphite 
ion. Phosphorus, a center atom of hypophosphite ion, has a strong tendency to provide 
electrons for neighboring atoms, oxygen and hydrogen in this case; this tendency is 
generally observed in the group 3 elements of the periodic table. This tendency 
promotes a slightly negative charge to the hydrogen atoms bonding directly to the 
phosphorus in hypophosphite ion. The negatively charged hydrogen cannot interact with 
oxygen atoms of water molecules and interacts only minimally with hydrogen atoms of 
water molecules because of particularly weak Coulombic interaction between them. 
From this background, all six of the water molecules are considered to interact with the 
oxygen atoms of hypophosphite ion. The other major characteristic in the most stable 
hydration structure is the configuration of the six water molecules. Four out of the six 
water molecules should strongly interact with each other instead of with the 
hypophosphite ion, forming a square-like structure. This relatively strong hydrogen 
bond should stabilize this hydration system. 
 
Fig. 2.2. Most stable structures of the hydrated hypophosphite ion 
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As a next step, the adsorption structure of the hydrated hypophosphite ion on a Pd 
surface was obtained using DFT. Adsorption energy, aE , were calculated as shown 
below. In the case of adsorption via hydrogen atoms, “via H”, because there is no need 
for hydrated hypophosphite ion to dehydrate, the equation is expressed as shown below: 
)Pd()）OH（POH()Pd－）OH（POH( ６２－２２６２－２２ EEEEa −−=   (1) 
In the case of adsorption via oxygen atoms, “via O”, because it is necessary for hydrated 
hypophosphite ion to be dehydrated, the equation is expressed as shown below: 
)Pd()）OH（POH()）OH（()Pd－POH( ６２－２２６２－２２ EEEEEa −−+=  (2) 
In this equation, six water molecules dissociated from hypophosphite ion were assumed 
to coordinate to hydrogen atom of adsorbed hypophosphite with its structure kept. 
Because these water molecules have little interaction with the hydrogen as shown in the 
result above, no interaction term is added to the equation (2). In this optimization, 
adsorption structure of hypophosphite ion was partially optimized, distance between the 
surface and the center phosphorus atom, and bond angle which is formed within HPH or 
OPO. In the case of “via H”, the bond angle within HPH was optimized, whereas in the 
case of “via O”, the bond angle OPO was optimized, to evaluate the adsorption affinity 
in these two cases appropriately. Such optimization fixing the length of bonds is 
necessary to compare these two cases, “via H” and “via O”, in the same condition. P-H 
and P-O show each bond strengths, which provides different significance of bond 
breaking for each case, “via H” and “via O”. To compare adsorption affinity in these 
cases equally, two bonds, P-H and P-O, were fixed so that the adsorption does not 
involve any dissociation. Structure of the part which is far from the surface, e.g., P-O 
length and angle within OPO in the case of adsorption “via H”, changes little to show 
insignificant influence on the adsorption energy [18]. 
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Tables 1 and 2 list the adsorption energy of each adsorption structure, comparing 
the values between the case with hydration and that without hydration. The adsorption 
site indicates the location of atoms neighboring the metal surface; for example, the 
“hollow site” in the case of “via H” means that the hydrogen atom of hypophosphite ion 
interacts with the metal surface on the hollow site. These tables indicate that the 
significance of adsorption state stability seen in the case with hydration is completely 
opposite to that in the case without hydration. 
 
 
Table 2.1 Adsorption energy of hydrated hypophosphite ion on the Pd (111) surface 
 
atop site hollow site atop site hollow site
via H via O
Adsorption
energy/kJmol-1
-6.352 2.822 156.7 169.1
 
 
 
Table 2.2 Adsorption energy of hypophosphite on the Pd (111) surface 
 
atop site hollow site atop site hollow site
Adsorption
energy/kJmol-1
-72.45 -107.9 -177.3 -164.9
via H via O
 
 
 
There are two obviously different points here. One is that when hydration is considered, 
the adsorption via the hydrogen atom is much more stable than that via the oxygen atom, 
whereas the adsorption via the oxygen atom is more stable when hydration is not 
considered. The tendency should be strongly related to the hydration structure of 
hypophosphite ion, in which all hydrating water molecules strongly interact with the 
oxygen atoms of hypophosphite ion. The adsorption structures via oxygen atoms need 
significant destabilization through dehydration, which cannot be sufficiently 
compensated for by stabilization through adsorption. The adsorption structure via 
hydrogen atoms corresponds to the results from experimental procedures [19]. 
Therefore, considering the influence of water molecules, the appropriate adsorption 
structures can be obtained. The other point is that adsorption sites can vary when 
 70 
hydration is considered. For example, the adsorption structure via a hydrogen atom on 
the atop site is the most favorable. Even though the adsorption is simulated to be not 
dissociative, the reaction step should continue to the bond elongation or dissociation on 
the atop site of the surface. Fig. 2.3 shows the most favorable adsorption structures of 
hydrated hypophosphite ion adsorbing via hydrogen atom on the atop site. The distance 
between the metal surface and the top of the water molecules is around 7.0 Å, which 
approximately corresponds to the value of the distance between the solid-liquid 
interface and the outer Helmholtz layer (OHL) [20]. Therefore, the hypophosphite ion is 
included within the region of OHL and is adsorbed as a specific adsorption anion 
species. 
 
 
Fig. 2.3. Adsorption structure of the hydrated hypophosphite ion on the atop site of Pd 
via a hydrogen atom 
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To analyze the influence of water molecules hydrating to hypophosphite ion on 
the electronic structure of a metal surface, the projected density of states (PDOS) 
profiles of the metal surface were determined. Fig. 2.4 shows the profiles of the band 
structure of the metal surface with and without water molecules hydrating to 
hypophosphite ion. This figure indicates that water molecules located in this region 
show little influence on the electronic state of the metal surface. This electronic state of 
the metal surface determines the catalytic activity on the reaction of adsorbate [21]. 
Therefore it is also concluded that water molecules, which directly interact with 
adsorbing hypophosphite, show little influence on the mechanism of catalytic activity, 
which is derived from the band structure of the metal. 
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(a)                                        (b) 
 
Fig. 2.4. d- and s-band structure of Pd (111) (a) with water molecules and (b) without 
water molecules 
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2.4 Conclusions 
 
In this chapter, calculations of the hydrated structure of hypophosphite and the 
adsorption structure of the hydrated ion on a Pd surface using MC and DFT procedures 
were described.  
From the calculations, the optimized structures of these two were obtained. Six 
water molecules hydrate to the oxygen atoms of the hypophosphite ion and no water 
molecules hydrate to the hydrogen atoms. Hydrated hypophosphite with such structures 
is found to adsorb on the atop site of the Pd surface via hydrogen atoms; these structures 
correspond to the structures obtained through experimental procedures. According to 
this result, the adsorbing hypophosphite should be modeled to stand on the atop site of 
the surface via hydrogen atoms in the later analyses. 
Moreover, the most important conclusion for the later chapters is that water 
molecules are negligible in the reaction model of hypophosphite, for they exhibit little 
influence on the electronic state of metal surface. According to this conclusion, the 
calculation models in the later chapter neglect the existence of water molecules around 
the reaction site of hypophosphite ion. 
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Elementary Steps of Reducing Agent Reaction 
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3.1 Introduction 
 
     To elucidate the mechanism of the catalytic activity on a reaction, it is necessary 
to specify the rate-determining step in the entire reaction, for the catalytic activity 
differences should appear the most apparently on that step. Van den Meerakker 
proposed [1-3], from his electrochemical measurements, the elementary steps involved 
in the entire oxidation of reducing agents used in the electroless deposition process; 
these are adsorption, dehydrogenation, and oxidation accompanied with hydroxyl group 
attack, as shown below. 
 
H2PO2-  H2PO2-ad     <Adsorption step> 
H2PO2-ad  HPO2-ad + Had    <Dehydrogenation step> 
HPO2-ad + OH-ad  H2PO3-ad + e-   <Oxidation step> 
 
     This chapter describes analyses on energy behavior of the reaction systems in 
each elementary step, to identify the rate-determining step in the entire oxidation of 
hypophosphite ion for further analyses in the later chapter. 
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3.2 Methodology 
 
     The model surfaces applied in this study are shown in Fig. 3.1. The model 
consisting of 7 atoms with 1 layer was used for geometrical optimization, and that 
consisting of 22 atoms with 2 layers was used for energy calculations [4]. 
     To compare the catalytic activity, Cu (111), Ni (111), and Pd (111) were focused. 
Cu exhibits little catalytic activity on the hypophosphite reaction, whereas Ni and Pd 
exhibit strong catalytic activity on the reaction.  
     All calculations were performed according to DFT based on the generalized 
gradient approximation packaged in Gaussian 03 [5]. B3LYP[6,7], which is a 
combination of Becke’s three-parameter hybrid exchange functional and the 
Lee-Yang-Parr correlation functional, was selected as the exchange-correlation 
functional for this DFT calculation. The Gaussian basis sets used were 6-31G** [8] for 
H and P and 6-31+G** [8] for O. For Cu and Ni, the effective core potential (ECP) as 
given by Hay and Wadt [9] was selected as the substitution for the Ne core. For Pd, ECP 
as given by Hay and Wadt was selected as the substitution for the Ar core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                         (b) 
Fig. 3.1. Cluster model consisting of (a) 7 atoms with 1 layer and (b) 22 atoms with 2 
layers. 
 78 
3.3 Results and Discussion 
 
3.3.1 Adsorption step 
 
     In order to specify the adsorption structure and estimate the adsorption energy, 
molecular structures of the hypophosphite ion on Cu (111), Ni (111), and Pd (111) 
surfaces were optimized theoretically. In the calculation, the structure of metal clusters 
is fixed, and the internal coordinates of the ion are optimized (Fig. 3.2). Experimental 
results from spectroscopic measurements [10] and the result in the previous chapter 
showed that the hypophosphite ions adsorb onto the surface through hydrogen atoms. 
Therefore, in this study, a model expressing hypophosphite ions adsorbing onto the 
surface through hydrogen atoms was constructed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2. Relaxed geometrical parameters in adsorption structure optimization. 
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By comparing the structural parameters calculated during optimization (Table 3.1), 
the geometrical interaction between the hypophosphite ions and Cu (111) surface was 
calculated to be the least of the three as the distance between the P and the Cu surface is 
3.09 Å. Furthermore, the P-H bond elongation effect should also be the least on Cu 
(111) because the distance between P and H on Cu (111) is 1.47 Å, which is almost the 
same as the P-H distance with hypophosphite ions in the gas phase. On the other hand, 
hypophosphite ions should show much stronger geometrical interaction on Ni (111) and 
Pd (111) surfaces than on Cu (111) because the distance between the P and Ni and P and 
Pd surfaces are 2.79 and 2.92 Å, respectively. Furthermore, P-H bond lengths for 
hypophosphite ions on Ni (111) and Pd (111) surfaces should be elongated significantly 
more than those on Cu (111) as the distance between the P and Ni, or Pd surfaces are 
1.53 and 1.71 Å, respectively. Structural parameters related to O, such as distance 
between P and O and the O-P-O angle, should exhibit little change with adsorption. 
Therefore, Cu (111) should show a weak interaction with hypophosphite ion while Ni 
(111) and Pd (111) show a stronger interaction. Moreover, Cu (111) should have little 
effect on the hypophosphite ion structure, whereas Ni (111) and Pd (111) should cause 
P-H bond elongation on hypophosphite ions. 
     Cu is categorized in a IB group, in which the electronic structure of the valence 
electron in the atom is d10s1. Both Ni and Pd are categorized in a d-block group, in 
which the electronic structure of the valence electron in the atom is d8s2, i.e., a vacant 
d-orbital structure. Although the electronic structure of atomic Pd is d10s0, such 
electrons in the d-orbital easily transfer to the s-orbital to form a vacant d-orbital when 
agglutinating because of the neighboring s- and d-orbitals. Note that adsorption energy 
is considered to mainly depend on three factors: fullness of d-band, position of d-band 
center, and coupling matrix [11]. Because the electronic structure determines such 
factors, differences among these metals in terms of their electronic structures were 
believed to also determine the difference in stabilities of the adsorbate on their 
respective surfaces. 
 
Table 3.1 Optimized parameters in adsorbed hypophosphite ion 
 
 
 
 
 
 
 
Gas phase Cu Ni Pd
r(P-H) /Å 1.44 1.47 1.53 1.71
r(P-Surface) /Å - 3.09 2.79 2.92
r(P-O) /Å 1.52 1.51 1.51 1.50
θ(O-P-O) /Degree 124 125 126 126
r(P-H) /Å 1.44 1.47 1.53 1.71
θ(H-P-Surface) /Degree 49.6 48.3 46.5 40.4
r(H-Surface) /Å - 2.11 1.56 2.11
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     As predicted from the results of the structural parameters, the interaction between 
hypophosphite ions and the Cu surface was estimated to be much weaker than those 
between hypophosphite ions and Ni, Pd surfaces (Table 3.2). In particular, the Ni 
surface is expected to show extremely strong interaction with hypophosphite ions 
(adsorption energy is -244.5 kJ/mol). Ni is known to have a high magnetic moment 
originating from its high exchange interaction energy, especially when agglutinating 
into a small cluster [12]. The author therefore concluded that such high exchange 
interaction energy caused the high adsorption energy on Ni surface. 
 
Table 3.2 Adsorption energy of hypophosphite ion on each metal surface 
 
 
 
 
 
Cu Ni Pd
Adsorption energy/kJ・mol-1 -49.36 -244.50 -84.09
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3.3.2 Dehydrogenation step 
 
To evaluate the energy change in the system in the dehydrogenation step for 
hypophosphite ions at each metal surface, the author performed a simulation of a P-H 
bond elongation. The simulation was based on the model that the dissociated hydrogen 
migrates on the pathway which passes through atop sites and bridge sites of the surface. 
In this simulation, the dehydrogenating structure was partially optimized at a few points 
on the reaction coordinate. Bond distances between P and O, P and H, P and surface, 
and the dissociated H and surface and the angle formed for the O-P-O and H-P-surfaces 
were relaxed (Fig. 3.3). The adsorption site of dissociated H was fixed at a few points in 
the range of the cluster model. 
 
Fig. 3.3. Relaxed geometrical parameters in dehydrogenating structure optimization. 
 
Changes in structural parameters were obtained through this simulation (Table 
3.3-3.5). The optimized adsorbed structural parameters are listed on the left end of Table 
3.3-3.5. The results showed a common tendency in the three metal surfaces. HPO2- 
stands on the surface with its structure flattened as dehydrogenation proceeds (see 
θ (H-P-Surface)). This tendency derives from an electronic structure of HPO2-. 
Although HPO2- is considered to be a radical anion, almost one electron of HPO2- 
should transfer from the radical to the metal surface (Fig. 3.4). The actual state of HPO2-, 
therefore, should be the neutral molecule, HPO2, on each metal surface. The HPO2 
molecule should have a vacant p-orbital on P, and a repulsive interaction between 
electrons in the P-O and P-H bonds should exist. The HPO2 distorts into a planar shape 
to minimize such repulsive interaction between the two bonds. 
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Table 3.3 Change in structural parameters of dehydrogenating hypophosphite ion on Cu 
surface 
 
 
 
 
 
Table 3.4 Change in structural parameters of dehydrogenating hypophosphite ion on Ni 
surface 
 
 
 
 
 
 
Table 3.5 Change in structural parameters of dehydrogenating hypophosphite ion on Pd 
surface 
 
 
 
 
 
 
 
 
 
 
r(P-H) /Å 1.47 2.22 2.53 3.54 3.93 4.36
r(P-Surface) /Å 3.09 3.04 3.07 3.69 3.76 3.64
r(P-O) /Å 1.51 1.50 1.50 1.49 1.48 1.48
r(P-H) /Å 1.47 1.43 1.43 1.43 1.43 1.44
r(H-Surface) /Å 2.11 1.93 1.63 1.24 1.48 1.56
θ(O-P-O) /Degree 125 128 128 130 131 130
θ(H-P-Surface) /Degree 48.3 40.2 39.2 4.31 3.48 5.29
r(P-H) /Å 1.53 2.38 2.87 3.44 3.74
r(P-Surface) /Å 2.79 2.88 3.07 3.29 3.23
r(P-O) /Å 1.51 1.50 1.50 1.49 1.49
r(P-H) /Å 1.53 1.51 1.50 1.49 1.50
r(H-Surface) /Å 1.56 1.34 1.15 0.959 1.32
θ(O-P-O) /Degree 126 126 127 128 128
θ(H-P-Surface) /Degree 46.5 36.1 25.0 5.15 13.8
r(P-H) /Å 1.71 2.77 3.68 4.00 4.55
r(P-Surface) /Å 2.92 3.20 3.43 3.40 3.43
r(P-O) /Å 1.50 1.49 1.49 1.49 1.49
r(P-H) /Å 1.71 1.47 1.44 1.45 1.45
r(H-Surface) /Å 2.11 1.35 0.977 1.35 1.50
θ(O-P-O) /Degree 126 128 129 129 129
θ(H-P-Surface) /Degree 40.4 25.7 13.6 4.40 1.23
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Fig. 3.4. Change in Mülliken charge for HPO2- and metal surface: (a) Cu, (b) Ni, (c) Pd. 
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     Energy changes during dehydrogenation are displayed in Fig. 3.5 for the gas 
phase. When comparing these profiles, hypophosphite ion on Cu (111) should reach a 
much higher energy level around 100 kJ/mol when it dehydrogenates than on Ni (111) 
and Pd (111). Hypophosphite ion on Ni (111) and Pd (111) should reach energy levels 
less than 50 and 0 kJ/mol, respectively when it dehydrogenates. Because the adsorption 
and dehydrogenation steps are reactions in series, the destabilization in the 
dehydrogenation would be compensated for by adsorption energy. The adsorption 
energy of hypophosphite ion on Cu (111) is -49.36 kJ/mol, which cannot compensate for 
the destabilization of dehydrogenated hypophosphite ion on Cu. On the other hand, the 
adsorption energy on Ni (111) of -244.5 kJ/mol can compensate for the destabilization 
of dehydrogenated hypophosphite ion on Ni. Furthermore, the adsorption energy on Pd 
(111) need not compensate for any destabilization, as there is only negative energy 
change when dehydrogenating on Pd (111). Thus, when comparing the results from the 
calculation of the dehydrogenation step with that of the adsorption step, the 
destabilization of Cu (111) is significant for reaction progress, while those of Ni (111) 
and Pd (111) are not significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5. Energy profiles for dehydrogenation of hypophosphite ion on each metal 
surface. 
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As already discussed for the adsorption structure, differences among Cu (111), Ni (111), 
and Pd (111) were exhibited again. Although these differences will be discussed in the 
later chapter of this thesis, they are speculated to arise from the electronic structure of 
each metal. Because the electronic structure of Cu (111), which is a filled d-orbital, 
distributes excess electrons to the anti-bonding orbital constructed between HPO2- and 
the surface, bonding interaction between HPO2- and the surface is prohibited, as shown 
by the long distance between P and surface at the final state of 3.64 Å. On the other 
hand, Ni (111) and Pd (111) have vacant d-orbitals, which induce bonding interaction 
between HPO2- and the surface, as shown by the shorter distance between P and the 
surfaces around the final state; the distance between P and Ni is 3.23 Å, whereas that 
between P and Pd is 3.43 Å. 
     Characteristics of each metal surface observed above should strongly relate to 
catalytic activities of each metal. Large destabilization of the system, which cannot be 
compensated for by the stabilization effect through the adsorption, observed in the 
reaction on Cu (111), should link to the large energy barrier on this dehydrogenation 
step. Such large energy barrier should be one of the origins of little catalytic activity of 
Cu (111) on hypophosphite ion reactions. 
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3.3.3 Oxidation step 
 
Next, the oxidation step was analyzed. In this investigation, the author performed 
a simulation of OH- approach to the dehydrogenated residual anion HPO2-. The 
simulation was based on the model that the approaching OH- migrates on the pathway 
which passes through atop sites and bridge sites of the surface. In this simulation, the 
oxidizing structure was optimized at a few reaction coordinates. The bond distances 
between P and O, P and H, P and surface, O in OH- and surface, and between O and H 
in OH- as well as the angle formed by O-P-O, H-P-surface, and P-O-H were relaxed 
(Fig. 3.6). The adsorption sites of OH- were fixed at a few points in the range of the 
cluster model. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6. Relaxed geometrical parameters in oxidizing structure optimization. 
 
Changes in the structural parameters were obtained (Tables 3.6–3.8). The values 
of the distance between P and surface at the final states reflected the characteristics of 
each metal surface: 3.47 Å for the distance between P and Cu, 3.28 Å for that between P 
and Ni, and 3.14 Å for that between P and Pd. The distance between P and Cu is much 
greater than that for the others, which indicates a very weak interaction between the 
product, H2PO32-, and Cu. The origin of this weak interaction can be attributed to the 
same reason that causes the weak interaction between the dehydrogenated residual 
anion and the Cu surface, i.e., the filled d-orbital of Cu. θ (H-P-surface) changes most 
drastically in all geometrical parameters. As the reaction proceeds, this angle increases 
to around 40°. This tendency indicates that the planar structure of HPO2- is distorted by 
the existence of OH-. This distortion effect derives from the coordination of electrons 
attributed to lone pairs in OH- to the vacant p-orbital of P, which should cause new P-O 
bonds to be constructed. 
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Table 3.6 Change in structural parameters of oxidizing hypophosphite ion on Cu surface 
 
 
 
 
 
 
 
 
 
Table 3.7 Change in structural parameters of oxidizing hypophosphite ion on Ni surface 
 
 
 
 
 
 
 
 
 
 
Table 3.8 Change in structural parameters of oxidizing hypophosphite ion on Pd surface 
 
 
 
 
 
 
 
 
 
r(P-OH-) /Å 4.21 3.58 2.92 2.06 1.72
r(P-Surface) /Å 3.67 3.57 3.36 3.40 3.47
r(P-O) /Å 1.48 1.43 1.49 1.50 1.51
θ(O-P-O) /Degree 131 130 129 127 124
r(P-H) /Å 1.43 1.43 1.43 1.42 1.43
θ(H-P-Surface) /Degree 4.59 9.07 17.44 28.56 44.12
r(OH--Surface) /Å 1.92 1.86 1.88 2.61 1.72
r(O-H) /Å 0.97 0.97 0.97 0.97 0.97
θ(H-O-P) /Degree 127 98 90 100 111
r(P-OH-) /Å 4.05 3.53 3.07 2.07 1.73
r(P-Surface) /Å 3.32 3.32 3.21 3.23 3.28
r(P-O) /Å 1.49 1.49 1.50 1.50 1.51
θ(O-P-O) /Degree 128 128 127 126 124
r(P-H) /Å 1.48 1.48 1.51 1.43 1.43
θ(H-P-Surface) /Degree 7.45 7.45 16.2 28.6 43.9
r(OH--Surface) /Å 1.77 1.66 1.43 2.35 1.73
r(O-H) /Å 0.97 0.97 0.97 0.97 0.97
θ(H-O-P) /Degree 139 115 89 106 114
r(P-OH-) /Å 4.24 3.61 3.22 2.45 1.77
r(P-Surface) /Å 2.94 2.96 3.48 3.20 3.14
r(P-O) /Å 1.50 1.50 1.49 1.49 1.50
θ(O-P-O) /Degree 127 127 128 128 125
r(P-H) /Å 1.56 1.57 1.45 1.47 1.47
θ(H-P-Surface) /Degree 26.27 23.67 9.8 21.5 39.0
r(OH--Surface) /Å 1.95 1.85 1.79 1.87 1.77
r(O-H) /Å 0.97 0.97 0.97 0.98 0.97
θ(H-O-P) /Degree 153 130 102 145 117
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     Energy profiles on each metal surface were calculated to be similar (Fig. 3.7). In 
comparison with the reaction barrier for dehydrogenation on Cu (111), the barriers in 
this step are not so significant. In addition, the adsorption energy on each surface can 
compensate for the barriers in this step. The stabilities of the product H2PO32- are 
expected to be high on each metal surface (reaction energy is around -100 kJ/mol). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7. Energy profiles for oxidation of hypophosphite ion on each metal surface. 
 
 
 
 
 
     When observing all elementary steps, a reaction barrier should exist for the 
dehydrogenation step on Cu (111). On Ni (111) and Pd (111), the hypophosphite ion 
oxidizes spontaneously. This calculation result corresponds to a widely known 
experimental fact that Cu (111) exhibits low catalytic activity toward hypophosphite ion 
reaction, whereas Ni (111) and Pd (111) exhibit high catalytic activity to the same 
reaction. Therefore, difficulty in the reaction of hypophosphite ions on Cu surface was 
concluded to derive from a high reaction barrier during the dehydrogenation process. 
From these results, dehydrogenation should be a rate-determining step for reducing 
agent reaction and one of the most significant factors when considering more effective 
reaction processes. 
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3.4 Conclusions 
 
     Reaction barriers in the elementary steps for oxidation of hypophosphite ions on 
Cu (111), Ni (111), and Pd (111) were estimated theoretically to elucidate the 
rate-determining step of the reducing agent reaction. Calculation results showed that a 
high reaction barrier should exist in the dehydrogenation step and that the 
dehydrogenation step should therefore be a rate-determining step in the whole reaction 
process. Moreover, such a reaction barrier was only observed in the reaction on Cu 
(111). Therefore, this barrier existence is considered to be related to the low catalytic 
activity of Cu (111) for the hypophosphite ion reaction. 
The value of the reaction barrier may derive from the electronic structures of each 
metal. Cu mostly has filled d-orbitals, whereas Ni and Pd have vacant d-orbitals. This 
difference may be related to the significance of molecular orbital interaction between 
intermediates and the metal surface and to that of stabilization by charge transfer from 
the adsorbate to metal surface. 
In the later chapters, such dehydrogenation reaction must be focused to well 
understand the catalytic activity of metal surfaces. 
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Chapter 4: 
Orbital Interaction in Reaction System 
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4.1 Introduction 
 
     From the previous chapter, it was indicated that the secret of the catalytic activity 
of the metal surface is involved in the dehydrogenation reaction of reducing agents 
(hypophosphite ion) on the surface. Therefore, it is necessary to understand the 
dehydrogenation in detail to elucidate the mechanism of the catalytic activity. 
     However, the question is how deep the author should go inside the mechanism. 
When the scientists launch some researches in the field of pure science, they should 
often face this problem. This is because if they want the entire mechanisms determining 
some scientific phenomena, especially chemical phenomena, they always should discuss 
them from the viewpoint of “elementary particles” and the origins of them, which is 
obviously not the practical attitude. They must set an appropriate goal for the 
elucidation according to objectives in each case. 
     So, the author should well reconsider what the objective of this study should be to 
answer the question above. One of the most important missions of the attempts in this 
study is to acquire scientific understanding to establish new electroless deposition 
processes. This means that the mechanism of the catalytic activity of the metal surface 
should be elucidated in order that it is applicable to the chemical engineering. In other 
words, the mechanism should be explained according to the chemical characteristics of 
both metal surfaces and reducing agents. Chemical characteristics of each atom or 
molecule which are generally derived from the electronic state of each, are significantly 
reflected in the orbital behaviors of each [1]. Concluding these discussions, to elucidate 
the mechanism of the catalytic activity for the innovation in the electroless process, the 
orbital interaction between dehydrogenating hypophosphite and metal surface is 
necessary to be analyzed [2-4]. 
     This chapter describes attempts to observe the orbital behaviors of both 
hypophosphite and metal surfaces, and to propose one of the major factors determining 
the catalytic activity of metal surfaces. 
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4.2 Methodology 
 
The present investigation is based on results obtained by theoretical calculation 
using Gaussian03 [5]. In this calculation, DFT was employed the same as the previous 
chapter. Electronic exchange and correlation energy were estimated with the generalized 
gradient approximation in the B3LYP functional [6,7].  
Pd and Cu were chosen for investigations, for these surfaces exhibits completely 
different behaviors in catalytic activity on the dehydrogenation of hypophosphite, in the 
previous chapter. Also in this chapter, the (111) orientation of a surface was chosen to 
investigate surface reactions in the most inactive part. The cluster model was used as a 
metal surface model [8-10]. A metal cluster consisting of 10 metal atoms was used for 
adsorption structure optimizations for hypophosphite ions (Fig. 4.1.1a), whereas a metal 
cluster consisting of 31 metal atoms was used for detailed analyses (Fig. 4.1.1b). The 
lattice constants of Pd and Cu are fixed at 3.891 Å and 3.615 Å, respectively. 
Structural parameters such as P–H bond length, P–O bond length, adsorption 
height between P and a surface, adsorption height between H and a surface, O–P–O 
angle, and H–P–Surface angle were optimized (Fig. 4.1.2). The basis set used in the 
present work is 6-31G** for P and H, and 6-31+G** for oxygen [11]. For Pd and Cu, 
effective core potential models by Hay and Wadt were used [12].  
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                  (a)            (b) 
Fig. 4.1.1. Cluster models consisting of (a) 10 atoms (1 layer), (b) 31 atoms (2 layers) 
 
 
 
  
        (a)        (b) 
Fig. 4.1.2. Relaxed geometrical parameters in optimization (a) Front view, (b) Cross 
sectional view 
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4.3 Results and Discussion 
 
4.3.1 Analyses of atomic orbital (AO) interaction 
 
In this study, detailed electronic states were observed within the adsorption 
systems of hypophosphite ions on metal surfaces by a careful analysis for density 
matrices by the DFT calculation described above. The Mülliken population [13] is 
divided partly into density matrices and partly into overlap matrices (Eq. 4.1). Moreover, 
density matrices are divided into each product of molecular orbital (MO) coefficients 
(Eq. 4.2). 
              
∑
,
=
νλ
νλλν SPN    (4.1) 
              
∑=
a
aaCCP νλλν
*
   (4.2) 
where N is an electron population, Pλν is a density matrix component between two 
different atomic orbitals (AO), AO(λ) and AO(ν), Sλν is an overlap matrix component 
between AO(λ) and AO(ν), and Cλa is an MO coefficient of AO(λ) in MO(a). Density 
matrices are electron populations in overlap between two AOs, which depend on energy 
and location similarities between them. They represent electron distribution in the 
molecule i.e. strong covalent bonds have large density matrix values. They are therefore 
important values in the analysis of the characteristics of bonds. Overlap matrices are 
amplitude of a spatial overlap of two AOs, which depend only on the location of nuclear. 
Since AO overlap provides a region to distribute electrons, the product of an electron 
population in a unit region of overlap, a density matrix, and amplitude of the overlap 
region, overlap matrix, makes an electron population in the overlap region as shown in 
Eq. 4.1. A Mülliken population increase (decrease) derives from overlap matrices and 
the product of MO coefficients. In particular, the product of MO coefficients exhibits an 
interaction between each AO in the MO. Particular AO interactions representing 
characteristics of the adsorption state of the hypophosphite ion on each metal surface 
must be specified by careful analyses for such parameters. In order to facilitate the 
discussion, this study focuses mainly on α orbitals. 
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P–H population differences 
     In order to evaluate how the cleavage of the P–H bond is included at the surface 
of Pd and Cu, Mülliken populations between P and H on each surface were analyzed. 
Smaller values of population indicate strong bond cleavage tendency between the two, 
promoted by metal surfaces. 
 
               Table 4.1.1 Mülliken population values between P and H 
 
 
 
 
     Mülliken population values between P and H on Pd should be much smaller than 
those on Cu and those in the gas phase (Table 4.1.1). Therefore, Pd is expected to 
strongly induce cleavage of the P–H bond. This effect should derive from orbital 
interaction modes, which will be described below. 
 
     In order to specify the orbital pairs in P–H bonds that contribute to the population 
decrease between P and H, changes through adsorption in population values between 
each orbital pair on P and H were calculated. As shown in the calculation methodology 
section, the 6-31G** basis set was used for P and H. Thus, the AO structures of P and H 
are [1s 2s 2px 2py 2pz 3s 3px 3py 3pz 4s 4px 4py 4pz 5d0 5d+1 5d−1 5d+2 5d−2], and [1s 
2s 2px 2py 2pz], respectively. In these basis sets, necessary orbitals for qualitative 
analyses for AO interaction structure between P and H are considered to be [3s 3px 3py 
3pz] in P, and [1s] in H, as inner AOs represent core shells and outer AOs, which are 
added so that an electron can reach a wider area and a polarized area, are assumed to 
exhibit an almost similar tendency as [3s 3px 3py 3pz] in P, and [1s] in H. Therefore in 
this analysis, orbital pairs made between [3s 3px 3py 3pz] in P and [1s] in H were 
focused on. Changes in population values through adsorption, ∆n, were calculated as 
shown in Eq. 4.3. 
after beforen n n∆ = −      (4.3) 
where nafter is a population after adsorption, nbefore is a population before adsorption. 
0.5553 0.3301 0.4910
Gas phase on Pd on Cu
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Fig. 4.1.3. Population differences in P–H of hypophosphite ion after adsorption (a) on 
Pd, (b) on Cu 
 
 
     Comparing the values of changes in the populations on Pd with those on Cu, it is 
seen that absolute values are much higher on Pd (Fig. 4.1.3). This tendency indicates a 
much larger decrease in population values between P and H on Pd. Moreover, further 
analyses are needed for three AO pairs, P3s–H1s, P3py–H1s, and P3pz–H1s. Such 
detailed analyses are described below. 
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Density matrix analysis 
     In order to elucidate the differences between the changes in the population values 
of P and H through adsorption on Pd and those on Cu, three AO pairs, P3s–H1s, 
P3py–H1s, and P3pz–H1s, were analyzed in detail. Here, the Mülliken population was 
divided into components of products of MO coefficients. Overlap matrices in three AO 
pairs, P3s–H1s, P3py–H1s, and P3pz–H1s, were calculated to be all positive (Table 
4.1.2). Thus, the positive values of products of MO coefficients for these AO pairs 
indicate that bonding interactions are formed in the pairs. Furthermore, positive 
products of MO coefficients will increase the values of the density matrices. In the same 
way, negative density matrices, or negative values of products of MO coefficients, 
indicate an anti-bonding interaction between two AOs and decreased values of density 
matrices. Overlap matrices in P3px–H1s are zero on both metal surfaces, which are the 
origins of zero in changes in population values through adsorption. 
 
 
    Table 4.1.2.a Overlap matrix values between P and H of hypophosphite ion on Pd 
 
 
 
 
 
 
    Table 4.1.2.b Overlap matrix values between P and H of hypophosphite ion on Cu 
 
 
 
 
 
0.105 0.000 0.155 0.130
P3s - H1s P3px - H1s P3py - H1s P3pz - H1s
0.188 0.000 0.214 0.245
P3s - H1s P3px - H1s P3py - H1s P3pz - H1s
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     Density matrices of each three AO pair were divided into components of products 
of MO coefficients in each MO (Figs. 4.1.4–4.1.6), as shown in Eq. 4.2. The summation 
of the values displayed in Figs. 4.1.4–4.1.6 is one density matrix component. The 
numbers labeled on each MO indicate the energetic order of MOs. The early value of 
the number indicates that the MO is more stable than MOs with much later numbers. 
For example, the highest occupied MO (HOMO) of the adsorption system of Pd is MO 
labeled 296 (MO 296), and the lowest unoccupied MO (LUMO) is MO labeled 297 
(MO 297); MOs whose numbers are smaller than 296 are occupied, whereas MOs 
whose numbers are larger than 297 are unoccupied in this system. The HOMO of the 
adsorption system of Cu is MO 312, and the LUMO is MO 313; MOs whose numbers 
are smaller than 312 are occupied, whereas MOs whose numbers are larger than 313 are 
unoccupied in this system. 
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Fig. 4.1.4. Products of MO coefficient in P3s–H1s of hypophosphite ion (a) on Pd, (b) on 
Cu 
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Fig. 4.1.5. Products of MO coefficient in P3py–H1s of hypophosphite ion (a) on Pd, (b) 
on Cu 
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Fig. 4.1.6. Products of MO coefficient in P3pz–H1s of hypophosphite ion (a) on Pd, (b) 
on Cu 
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     First, the P3s–H1s AO pair on Pd is observed to possess a significantly negative 
product in MO 135 (the orbital energy is -9.52 eV) (Fig. 4.1.4a). This value should 
decrease the density matrix significantly, as negative products of MO coefficients 
contribute negatively to the density matrix, which is a summation of products of MO 
coefficients. Therefore, MO 135 (-9.52 eV) is assumed to be a key orbital to understand 
the mechanism of P–H cleavage promotion effect on Pd. On the other hand, on Cu, the 
P3s–H1s AO pair is observed to possess a few but not very many negative products in 
MO 138 (-8.33 eV), 139 (-7.71 eV), 140 (-7.65 eV), 143 (-7.48 eV), and 146 (-7.36 eV) 
(Fig. 4.1.4b). These values do not decrease the density matrix as significantly as on Pd. 
This difference between Pd and Cu is also significant from the viewpoint of the 
difference in the P–H cleavage promotion effect between Pd and Cu. 
     Second, P3py–H1s AO pairs on both Pd and Cu are expected not to possess as 
many negative products as in the case of the P3s–H1s AO pair on Pd (Fig. 4.1.5). The 
decrease in population value between P3py and H1s is simply caused by decreases in the 
geometrical overlap between P3py and H1s. 
     Third, P3pz–H1s AO pairs on Pd and Cu are expected not to possess so 
significantly negative products as in the case of P3s–H1s AO pair on Pd (Fig. 4.1.6). 
The decrease in population value between P3pz and H1s is caused by decreases in the 
geometrical overlap between P3pz and H1s. 
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     Therefore, comparison between MO 135 (-9.52 eV) on Pd and MO 138 (-8.33 
eV), 139 (-7.71 eV), 140 (-7.65 eV), 143 (-7.48 eV), 146 (-7.36 eV) on Cu is the most 
important for discussing the P–H cleavage enhancement mechanism of Pd. Specific 
electron distributions of these orbitals are shown in Fig. 4.1.7. 
 
 
 
 
 
Fig. 4.1.7. Electron distribution of important MOs 
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MO analysis 
     In order to observe and specify the structure of MO 135 (-9.52 eV) in the 
adsorption system of the hypophosphite ion on Pd and the structure of MO 138 (-8.33 
eV), 139 (-7.71 eV), 140 (-7.65 eV), 143 (-7.48 eV) and 146 (-7.36 eV) in the 
adsorption system of the hypophosphite ion on Cu, major components of these MOs 
were investigated. Metal atoms labeled “Metal 1(Pd 1, Cu 1)” and “Metal 2(Pd 2, Cu 
2),” on top of which the hypophosphite ion adsorbs through H atoms, are considered to 
interact directly with H atoms of the hypophosphite ion (Fig. 4.1.8). Moreover, since the 
interactions between “Metal 1,” “Metal 2,” and the adsorbate are strong, AOs on these 
two metal atoms should contribute more significantly to the MO that the author focused 
on than AOs on the other metal atoms. Hence, only the AOs on “Metal 1” and “Metal 2” 
were focused on in this investigation.  
 
 
 
Fig. 4.1.8. The adsorption structure and labeling for metal atoms 1, 2 
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     First, electron populations attributed to MO 135 (-9.52 eV) in the adsorption 
system of hypophosphite ion on Pd were calculated by Mülliken population analysis. 
Fig. 4.1.9 describes electron populations of each AO. In this figure, the AO that has 
many more electrons is considered as a major component in the MO, and the 
characteristics and geometrical structure of the MO are estimated by such major AO. 
The other AOs are expected to mix with the major AO. The population of AO(λ) was 
calculated using Eq. 4.4. 
2
135 135 135 135
1
2
N C C C Sλ λ λ ν νλ
ν λ≠
= + ∑   (4.4) 
Nλ135 is a population of AO(λ) in MO 135 (-9.52 eV). As described above in the 
calculation methodology section, the Kr core is replaced by effective core potential; the 
calculated AO of Pd is represented as [1s 2s 3s 4px 4py 4pz 5px 5py 5pz 6px 6py 6pz 7d0 
7d+1 7d−1 7d+2 7d−2 8d0 8d+1 8d−1 8d+2 8d−2].  
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Fig. 4.1.9. Mülliken population values in AOs of Pd 1 and Pd 2 in MO 135 in 
adsorption system of hypophosphite ion on Pd 
 
In MO 135 (-9.52 eV), 6pz on the Pd 1 atom and the 7d+2 on Pd 2 atom should be the 
most contributing orbitals of all and the other orbitals on metal atoms should mix with 
these two. Also from density matrix analysis in Fig. 4.1.4a, 3s on P and 1s on H should 
somehow interact with these orbitals on Pd 1 and Pd 2. 
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In order to analyze the interaction form, overlap populations between hypophosphite 
ions and metal atoms in MO 135 (-9.52 eV) were estimated (Table 4.1.3). Overlap 
populations were calculated using Eq. 4.5. 
 
νλνλλν SCCN 135135135 =   (4.5) 
 
Nλν135 is an overlap population between AO(λ) and AO(ν) in MO(135). 
 
 
   Table 4.1.3 Overlap population values (x 100) in major component AOs in MO 135 
 
 
 
 
 
 
 
In Table 4.1.3, positive values indicate bonding interaction, and negative values indicate 
anti-bonding interaction between two AOs. In MO 135 (-9.52 eV), the interaction 
between P and Pd atom should be anti-bonding, and that between H and Pd atom should 
be bonding. For the purpose of exploring orbitals interacting with P, overlap populations 
between P and O were calculated. The strongest interaction by P3p should be formed 
with O3px (Table 4.1.4). Therefore, in MO 135 (-9.52 eV), H interacts with d- or 
p-orbitals on Pd atoms, whereas P interacts with O, inducing a P–H cleavage promotion 
effect. 
 
Table 4.1.4 Overlap population values in AOs of P and O in MO 135 
 
 
 
 
 
 
 
P3s -0.53 -0.01
H1s 0.31 0.19
Pd 1 6pz Pd 2 7d+2
P3s 0.017 0.017
O 1 3px O 2 3px
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     Second, electron populations attributed to MO 138 (-8.33 eV), 139 (-7.71 eV), 
140 (-7.65 eV), 143 (-7.48 eV), 146 (-7.36 eV) in the adsorption system of the 
hypophosphite ion on Cu were calculated. Fig. 4.1.10 describes the electron populations 
of each AO. Especially in this figure, population values were normalized as shown in 
Eq. 4.6.  
∑
∑ ∑
∑
∑
∈
∈ ≠
∈
∈
∈ ⋅+=
σ
σ λν
νλνλ
σ
σ
λ
σλ
a
a
aa
a
a
a
aa
SCCC
N
　　
2
1
2
)(     (4.6) 
                                   { })149,143,140,139,138(: 　　　　σ  
 
The Ne core is also replaced by an effective core potential; the calculated AO of Cu is 
represented in the same way as the case of Pd.  
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Fig. 4.1.10. Mülliken population values in AOs of Cu 1 and Cu 2 in MO 138, 139, 140, 
143, 146 in adsorption system of hypophosphite ion on Cu 
 
In MO 138 (-8.33 eV), 139 (-7.71 eV), 140 (-7.65 eV), 143 (-7.48 eV), 146 (-7.36 eV), 
6pz on the Cu 2 atom should be by far the most contributing orbital of all.  
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In order to analyze the interaction form as also discussed in the case of Pd, overlap 
populations between the hypophosphite ion and metal atoms were estimated (Table 
4.1.5) using Eq. 4.7. 
∑
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Table 4.1.5 Overlap population values in major component AOs in MO 138, 139, 140, 
143, 146 
 
 
 
 
 
 
Both the interaction between P and Cu and that between H and Cu should be bonding.  
 
From a result from Fig. 4.1.4b, the interaction between P and H is expected to be 
anti-bonding. P interacts with one side of the phase robe of the p-orbital of Cu 2, 
whereas H interacts with the other side of the robe. Although such structure of the 
interaction has been displayed, the degree of the interaction in this situation is not 
considered so important. Since the contribution degree of P and H to the MOs should be 
insignificant, as shown in Fig. 4.1.4b, the system should not obtain much stabilization 
by constructing these MOs. 
 
 
     The greatest difference between the Pd and Cu situations involves the degree of 
contribution of the d-orbital to MOs. Pd has vacant and active d-orbitals, whereas Cu 
has mostly filled and inactive d-orbitals. The result is based on general knowledge about 
the electronic structures of metal surfaces. In other words, the activity of d-orbitals of 
the metal surfaces should be one of the most important factors determining the degree of 
interaction between the hypophosphite ion and the surface. Systematical analysis on the 
d-orbital activities will describe general trends of catalytic activities of other metal 
surfaces. 
Cu 2 6pz
H1s 0.08
P3s 0.46
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     From the discussion above, the mechanism of interaction between the adsorbed 
hypophosphite ion and the metal surface is summarized. In the occasion of adsorption 
on Pd, the s-orbital of H interacts with d- and p-orbitals, whereas the s-orbital of P 
interacts with the p-orbital of O (Fig. 4.1.11). This interaction should result in an 
efficient anti-bonding structure in the P–H bond and a strong P–H cleavage promotion 
effect. On the other hand, for adsorption on Cu, s-orbitals of H and s-orbitals of P 
interact with the p-orbital of Cu simultaneously (Fig. 4.1.12). This interaction should 
form an inefficient anti-bonding structure in the P–H bond, and the P–H cleavage 
promotion effect should be weak. 
 
     Therefore, it is concluded that the key interaction between hypophosphite and 
metal surfaces determining the dehydrogenation reactivity does already appear on the 
adsorption step, which is just before the dehydrogenation. In other words, adsorbing 
hypophosphite prepares to dehydrogenate efficiently on the metal surface with the 
strong catalytic activity, such as Pd surface. 
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Fig. 4.1.11. Summarized structure of orbital interaction in hypophosphite ion on Pd 
 
 
 
 
 
Fig. 4.1.12. Summarized structure of orbital interaction in hypophosphite ion on Cu 
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4.3.2 Analyses of molecular orbital (MO) interaction 
 
Analysis in the previous section indicated that orbital interaction between 
hypophosphite and the metal surface in the adsorption step plays a critical role in 
initiating the dehydrogenation. However, the origin of such orbital interaction has not 
yet been clarified. In the present section, the orbital interactions between adsorbed 
hypophosphite ions and metal surfaces are analyzed in detail as a primal factor, and one 
of the factors that determine the catalytic activity of metal surfaces on P-H cleavage are 
proposed. 
A cluster model containing 10 atoms and 1 layer was used for modeling each 
metal surface. Although a cluster of 10 atoms is much smaller than the actual metal 
surface, it is sufficient to show the catalytic feature to allow a thorough analysis [14]. 
Moreover, this cluster size is often proved to be an adequate chemical model, especially 
when small adsorbates are considered [15,16]. The optimized adsorption structures of 
adsorbates on surfaces are generally considered to be approximately independent of the 
size of the cluster model, whereas the energy values of the adsorption system do vary 
with the size. This means that the molecular orbital that is sufficient to accurately 
identify the characteristics of orbital interaction should be generated even for a small 
surface cluster. Therefore, such a cluster model is appropriate to meet the objective of 
analyzing the interaction between hypophosphite and metal surfaces. The lattice 
constants of Pd and Cu are fixed at 3.891 Å and 3.615 Å, respectively, the same as the 
previous section. 
Calculation of molecular orbital coefficients and geometrical optimization were 
performed using the DFT calculation. The basis sets and the exchange-correlation 
functional were the same as the previous section. 
 
 
Fig. 4.2.1. Adsorption structure of hypophosphite on metal surfaces 
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Molecular orbital interaction was examined using the following equations, which 
are based on the Mülliken population analysis theory [13].  
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In the equations above, stmAψ , sfcλψ , and adsµψ  represent the molecular orbitals of the 
adsorbing system, metal surfaces, and adsorbate, respectively. In this study, the metal 
surfaces are Pd and Cu, and the adsorbate is a hypophosphite ion. ACλ  is a coefficient 
of each molecular orbital. iφ  is the atomic orbital and 'λiC  is the coefficient of the 
atomic orbital. sfcANλ  and 
ads
ANµ  are electron numbers that refer to the surface orbital 
and adsorbate orbital respectively within the Ath molecular orbital in the adsorbing 
system. According to this definition, each electron that is distributed to each molecular 
orbital of the adsorbing system would be projected onto each molecular orbital of the 
surface and adsorbate. Electron distribution in each molecular orbital was also 
calculated using Mülliken population analysis. Population between atoms I and J of the 
adsorbate in molecular orbital µ, defined as µIJN , was calculated according to Eq. 4.13. 
∑ ∫∑
∈ ∈
=
Ii
ij
Jj
jiIJ dCCN φφµµµ *'*' r    (4.13) 
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Of greatest importance shown in the previous chapter and the previous section 
is that although hypophosphite ion elongating its P-H bond on Pd, which is called a 
“distorted hypophosphite,” is calculated to be stable on the Pd surface, it is not stable on 
the Cu surface. In other words, the strength of catalytic activity on P-H bond cleavage is 
significantly related to the stability of this distorted hypophosphite on metal surfaces. To 
investigate the effect that the metal surface has on the distorted hypophosphite, 
electronic states of distorted hypophosphite adsorbed onto each metal were analyzed. 
The Mülliken population values of each molecular orbital (MO) of distorted 
hypophosphite on metal surfaces are listed in Table 4.2.1. Population values of occupied 
MOs before adsorption are 1.00, and those of virtual MOs before adsorption are 0.00.  
From the table, it is shown that the greatest differences between the case of Pd 
and Cu are the values of their frontier orbitals, i.e., the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). On the Pd 
surface, large amounts of electrons are transferred from the HOMO to the surface, and a 
portion of them are transferred into the LUMO. In other words, the donation effect on 
the HOMO and the back-donation effect on the LUMO occur obviously on the Pd 
surface. On the other hand, on the Cu surface, these donation and back-donation effects 
are much weaker than those on the Pd surface. Because the electronic states of the 
HOMO and LUMO orbitals significantly affect the stability of adsorbents, these frontier 
orbitals should be analyzed in great detail.  
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Table 4.2.1 Mülliken population of each MO of distorted hypophosphite on each metal 
surface 
1 1.00 1.00
2 1.00 1.00
3 1.00 1.00
4 1.00 1.00
5 1.00 1.00
6 1.00 1.00
7 1.00 1.00
8 1.00 1.00
9 1.00 1.00
10 1.00 0.99
11 0.97 0.97
12 0.98 0.98
13 1.00 1.00
14 0.97 0.94
15 1.00 1.00
16 0.99 0.99
17 (HOMO) 0.59 0.87
18 (LUMO) 0.11 0.04
19 0.02 0.02
over 20 0.03 0.01
MO number Population
on Pd / -
Population
on Cu / -
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Table 4.2.2 shows the population distributions of each MO. Because distorted 
hypophosphite contains 20 valence electrons, 10 occupied orbitals, including the 
HOMO, were studied and are listed along with the LUMO.  
 
Table 4.2.2 Mülliken population of each atom and overlap region in each MO of 
distorted hypophosphite in gas phase 
P H H O O P-H P-O
18 (LUMO) 5.219 0.58 0.24 0.24 -0.03 -0.03 -2.11 -4.97
17 (HOMO) -1.508 0.07 0.30 0.30 0.17 0.17 0.06 -0.02
16 -2.635 0.10 0.00 0.00 0.45 0.45 0.00 0.03
15 -2.930 0.04 0.00 0.00 0.48 0.48 0.00 0.03
14 -2.961 0.09 0.10 0.10 0.36 0.36 0.02 0.04
13 -5.374 0.19 0.00 0.00 0.40 0.40 0.00 0.04
12 -5.607 0.40 0.07 0.07 0.23 0.23 0.05 0.10
11 -5.940 0.29 0.07 0.07 0.28 0.28 0.04 0.05
10 -9.286 0.49 0.08 0.08 0.17 0.17 0.09 -0.13
9 -20.39 0.11 0.00 0.00 0.45 0.45 0.00 0.07
8 -21.78 0.17 0.00 0.00 0.41 0.41 0.00 0.09
MO MO energy /eV Mülliken Population / -
 
Interestingly, only the LUMO has a negative value of overlap population between P and 
H (-2.11), which indicates that the LUMO is the only orbital with obvious orbital nodes 
between P and H. Considering this structure of the LUMO, electron transfer into this 
orbital should effectively induce P-H bond cleavage. Some of the occupied orbitals, 
such as MO 17 (HOMO), MO 15 (HOMO-2), and MO 14 (HOMO-3), have few 
electrons on the center phosphorus atom (less than 0.10) to make non-bonding orbital 
structures; this is significant in avoiding repulsion between phosphorus and surrounding 
atoms, which is a major characteristic of the chemical bond involving the third elements. 
However, the LUMO has complete anti-bonding orbital character. Therefore, electron 
transfer into the LUMO should efficiently induce P-H bond cleavage. 
 
     To obtain further insight into the interaction between the frontier orbitals and the 
metal surface, projected density of states (PDOS) profiles of these orbitals in the 
adsorption states were calculated. Fig. 4.2.2 shows these profiles with PDOS profiles of 
the d- and s-band of metal surfaces before adsorption of distorted hypophosphite. The 
author described the band structures of the metal surfaces, focusing on two metal atoms 
that are adsorption sites for hypophosphite. The Fermi level in these profiles is 
represented by 0 eV.  
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Fig. 4.2.2. PDOS profiles of each orbital: (a) d-band (solid line) and s-band (dashed 
line) of Pd before adsorption of hypophosphite, (b) d- and s-band of Cu before 
adsorption of hypophosphite, (c) d- and s-band of Pd after adsorption of distorted 
hypophosphite, (d) d- and s-band of Cu after adsorption of distorted hypophosphite, (e) 
HOMO (solid line) and LUMO (dashed line) of distorted hypophosphite on Pd, (f) 
HOMO and LUMO of distorted hypophosphite on Cu 
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Three main points can be elucidated from Fig. 4.2.2. 
The first main point is that the energy level of the d-band of the Pd surface is 
significantly different from that of the Cu surface. The d-band of the Pd surface is quite 
shallow, covering an area from -5 eV to 3 eV, and contains a vacancy; on the other hand, 
the d-band of the Cu surface lies in a deeper area from -6 eV to -1 eV and contains no 
vacancy. These values are characteristic of these metal surfaces and are in agreement 
with other theoretical and experimental studies [17-20]. The author obtained such an 
appropriate electronic structure, for the author located the nearest neighbor atoms 
around the adsorption site atoms. Electronic structural differences between Pd and Cu 
shown here greatly affect how the metal surfaces interact with adsorbates. 
The second main point is that the profile of the HOMO of distorted 
hypophosphite on Pd is different from that on the Cu surface. On the Pd surface, one 
HOMO peak lies below the Fermi level (~ -4 eV) and the other lies above the Fermi 
level (~ 2 eV), whereas on the Cu surface, both peaks lie below the Fermi level. 
Comparing both HOMO profiles of distorted hypophosphite with the profiles of both 
metal surfaces, it is observed that peaks of the HOMO overlap with peaks of the d-band, 
which suggests orbital interaction between the HOMO of distorted hypophosphite and 
the d-band of the Pd surface. In these two HOMO peaks of distorted hypophosphite on 
each surface, the more stable one should represent a bonding interaction between the 
HOMO and d-band, and the less stable one should represent an anti-bonding interaction. 
The final main point is that the profile of the LUMO shows different behavior 
between the two metal surfaces. On the Pd surface, the LUMO peak lies below the 
Fermi level (~ -1 eV), whereas on the Cu surface, the LUMO peak below the Fermi 
level is barely discernable. Comparing the LUMO profile of distorted hypophosphite on 
Pd with the profiles of the Pd surface, it is observed that the LUMO peak overlaps with 
the d-band peak of Pd, which represents a bonding interaction between LUMO and 
d-band. 
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Interaction between the HOMO of distorted hypophosphite and the d-band of Pd 
above the Fermi level indicates an electron donation from HOMO to d-band, which was 
already indicated in Table 4.2.1. This suggests that the MO including the HOMO of 
distorted hypophosphite and the d-band of Pd with anti-bonding character rises above 
the Fermi level to become a vacant orbital, and thus the adsorption state becomes more 
stable. This is one way in which the adsorption of distorted hypophosphite onto Pd is 
stabilized. Moreover, interaction between the LUMO of distorted hypophosphite and the 
d-band of Pd below the Fermi level indicates electron back-donation from d-band to 
LUMO, which was also indicated in Table 4.2.1. This suggests that the MO including 
the LUMO and Pd d-band with bonding structure descends below the Fermi level to 
become an occupied orbital, and thus the adsorption state becomes more stable. 
Furthermore, electron transfer to the LUMO promotes P-H cleavage more effectively. 
The author therefore has discovered a few mechanisms that explain the high stability of 
distorted hypophosphite and high promotion effect on P-H cleavage on the Pd surface. 
However, Cu exhibits none of such stabilization mechanisms as seen on the Pd surface. 
The Cu surface cannot compensate anti-bonding interaction between HOMO and 
d-band, thereby destabilizing the Cu surface. This represents the most important 
difference between Pd and Cu in the discussion of P-H bond cleavage. 
The differences between adsorptions at two surfaces should mainly derive from 
the electronic structures of these surfaces, regardless of the hypophosphite adsorption, 
as shown in Figs. 4.2.2 (a) and (b). The d-band of the Pd surface is near the Fermi level 
and has a vacancy, indicating that the d-band interacts with the LUMO of distorted 
hypophosphite lying in a much higher energy level and generates an orbital interaction 
with significant stabilization. Moreover, such d-band can also raise HOMO above the 
Fermi level. Meanwhile, the d-band of the Cu surface lies within a much deeper energy 
area, which barely interacts with the upper energy LUMO effectively and interacts with 
the HOMO at a much deeper energy level. Based on these facts, the author can see why 
distorted hypophosphite on Pd exhibits completely different behavior as compared to 
the hypophosphite on Cu surface. 
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     To elucidate the role of other occupied MOs of distorted hypophosphite, PDOS 
profiles of these MOs were also analyzed. Fig. 4.2.3 shows the profiles focusing on MO 
8–16 (corresponding to HOMO-9 – HOMO-1), which contain the valence electrons of 
hypophosphite. Comparing the profiles of Pd with those of Cu, it is shown that although 
the plot shapes on the deeper area, e.g., below -5 eV, are not different, the plot shapes 
near the Fermi level are completely different. 
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(a)                                    (b) 
 
Fig. 4.2.3. PDOS profiles of MO 8–16 (solid line) of distorted hypophosphite (with MO 
14 emphasized as broken line), on (a) Pd, and (b) Cu 
 
When observing this plot shape difference with the PDOS plot of MO14 
(HOMO-3), as shown in Fig. 4.2.3, the author can see that the whole shape difference is 
due to MO 14. MO 14 should therefore play some role for stabilizing the adsorption of 
distorted hypophosphite on the Pd surface. Comparing this figure with Fig. 4.2.2 on the 
Pd surface, the MO 14 should interact with the d-band of the Pd surface and with the 
LUMO.  
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(a)                                      (b) 
 
Fig. 4.2.4. Orbital phase of (a) MO 14 and (b) LUMO 
 
Fig. 4.2.4 compares the orbital structure of MO 14 with that of LUMO. In this figure, 
the area surrounded by darker surface has the opposite orbital phase to the area of 
brighter surface. Orbital nodes are also shown in this figure, which derive from the 
overlap between different phase orbitals. It is shown that MO 14 has similar structure to 
the LUMO, especially in the σ bond between two H atoms (also shown in Table 4.2.2). 
Because of this similarity, MO 14 has a strong tendency to interact with the LUMO, 
thereby overlapping and interacting with both the Pd d-band and the LUMO and 
enhancing the mixture of d-band and LUMO. The LUMO does not interact with the 
d-band on its own, but does so by the enhancement effect from MO 14. From this point 
of view, not only the frontier orbitals but also MO 14 plays significant role in the P-H 
cleavage mechanism on the Pd surface. In the previous section, the atomic orbital 
interaction between hypophosphite ions and the metal surface was observed; in 
particular, “MO 135 (named in the previous section)” of the entire system consisting of 
adsorbing (and distorted) hypophosphite and Pd surface involves the anti-bonding 
interaction between P and H. This atomic orbital interaction should be derived from the 
MO mixture involving MO 14, the LUMO, and the d-band.  
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     From the discussion above, it is concluded that distorted hypophosphite should 
not be stabilized on the Cu surface. To analyze the electronic state of the most stable 
structure of hypophosphite—as opposed to distorted hypophosphite—adsorbing on Cu, 
PDOS profiles of the frontier orbitals of hypophosphite optimized on the Cu surface 
were calculated (Fig. 4.2.5). The most important observation in Fig. 4.2.5 is that the 
overlap of the HOMO peak and d-band peak becomes much less significant than the 
overlap of the two in the case of distorted hypophosphite. This is derived from the 
anti-bonding interaction between the HOMO of distorted hypophosphite and the d-band, 
as shown in Fig. 4.2.2; to avoid such an anti-bonding interaction, hypophosphite can 
rise vertically from the surface to decrease the degree of overlap between the HOMO 
and d-band. This is one way in which the significance of the anti-bonding structure 
between them is confirmed. Because of this interaction mechanism, hypophosphite 
cannot obtain effective P-H cleavage promotion by the Cu surface. This low P-H 
cleavage promotion effect is significantly related to the low catalytic activity of Cu on 
hypophosphite dehydrogenation, which in turn leads to low catalytic activity of Cu on 
the entire reaction process of hypophosphite oxidation. 
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(a) (b) 
Fig. 4.2.5. PDOS profiles of each orbital: (a) d-band (solid line) and s-band (dashed 
line) of Cu in the optimized adsorption structure, (b) HOMO (solid line) and LUMO 
(dashed line) of hypophosphite ions optimized on Cu surface 
 
 
The explanation of the mechanism shown above, in which the fundamental 
electronic structure of metal surface plays the key role, should be applicable to other 
reaction systems of electroless deposition process. The future work will analyze the case 
of alloy or contaminated surface. 
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4.4 Conclusions 
 
     To elucidate the origin of the catalytic activity of metal surfaces on the 
dehydrogenation of hypophosphite during the electroless deposition process, orbital 
interactions between dehydrogenating hypophosphite and both Pd and Cu metal 
surfaces were analyzed and compared. 
     Through the analyses, the author obtained the following two important 
conclusions. (i) The significant behavior to be analyzed, which is related to the 
dehydrogenation reactivity on the surface, is already observed at the adsorption step. (ii) 
The position of the d-band of the metal surface is one of the factors determining 
whether the adsorption of hypophosphite involve the initial dehydrogenation or not. 
     The proposed mechanism of the metal surface is described as follows. 
     On the Pd surface, the d-band lies near the Fermi level and contains a vacancy. 
Therefore, the d-band promotes electron donation from the HOMO of distorted 
hypophosphite to the d-band, which reduces repulsion between distorted hypophosphite 
and the surface. Moreover, the d-band also promotes back-donation from the d-band to 
the LUMO, which enhances the stabilization of distorted hypophosphite on the surface 
and promotes P-H cleavage. The back-donation effect is especially supported by MO 14 
(HOMO-3) of distorted hypophosphite. On the basis of such electron transfer effects, 
the Pd surface exhibits high catalytic activity on P-H bond cleavage of hypophosphite 
ions. Other metal surfaces with high catalytic activity on dehydrogenation of 
hypophosphite should have similar mechanisms to the Pd surface. 
     On the other hand, the d-band of the Cu surface lies in a deep energy region and 
contains no vacancy, which allows very little electron donation or back-donation to 
occur, unlike in the case of the Pd surface. Therefore, the Cu surface does not possess a 
mechanism for reducing the repulsion with hypophosphite and cannot promote P-H 
cleavage. Consequently, hypophosphite ions adsorb weakly on Cu to avoid repulsion 
and the Cu surface exhibits little catalytic activity on P-H bond cleavage. 
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(a) (on Pd surface) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) (on Cu surface) 
 
 
Fig. 4.3. Graphic conclusion for the mechanism of catalytic activity of metal surface on 
hypophosphite reaction; on Pd surface, P-H cleavage is promoted as shown in (a), on 
Cu surface, P-H cleavage is not promoted as shown in (b). This difference is one of the 
major factors determining the catalytic activity of metal surfaces. 
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Chapter 5: 
Influence of Surface Defects 
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5.1 Introduction 
 
     From the discussion shown in the previous three chapters, fundamental 
elucidation for the catalytic activity of the metal surface on the reducing agent reactions 
in the electroless deposition has been demonstrated. However, in the actual electroless 
processes, the metal surface has many defect parts, which indicate the necessity of the 
analysis for the influence of such defects on the reactivity of dehydrogenation [1-7]. 
This chapter describes attempts to analyze the dehydrogenation of hypophosphite 
ion on the defect part of metal surface and to understand the influence of it.
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5.2 Methodology 
 
     All calculation in this work was performed using B3LYP [8,9] level DFT 
implemented in Gaussian 03 software package [10]. For the basis sets, the 6-31G** was 
used for hydrogen and phosphorus atoms, and the 6-31+G** was used for oxygen atoms 
[11]. The effective core potentials proposed by Hay and Wadt were used to represent Ar 
core and Ne core in Pd, Cu respectively [12]. 
     One of the most important things in this study is treatment of metal surface. The 
structures in each point of reaction pathway were optimized using small size cluster (12 
atoms cluster for step part, 9 atoms cluster for flat surface). The energy in each point 
were calculated properly using large size cluster (27 atoms cluster for step part, 22 
atoms cluster for flat surface). Fig. 5.1 shows cluster models utilized in the energy 
calculation of this study. In this figure, the color and the size of the atom are altered in 
order to emphasize the characteristics of the structure, even though they are all the same 
metal atoms. 
        
(a)                            (b) 
 
 
Fig. 5.1. Geometrical structure of cluster models (a) step part model consisting of 27 
atoms, (b) flat surface model consisting of 22 atoms 
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5.3 Results and Discussion 
 
     Fig. 5.2 shows the geometrical changes of hypophosphite ion in the most stable 
dehydrogenation pathway on the step part. From this figure, there are two points to be 
elucidated. The first point is that dissociated hydrogen atom is exhibited to migrate 
along the sliding way of the step. This step part includes (111) plane as terrace and also 
(110) plane as inclined part. The migrating hydrogen atom can be observed to drop on 
the channel of the (110) plane. The second point to be elucidated is the adsorbed 
hypophosphite ion adsorbs near the cliff of the step part before dehydrogenation. This 
indicates that dissociating hydrogen atom easily drop to migrate the channel of the (110) 
plane. Such geometrical characteristic can not be seen in the case of flat (111) surface.  
 
 
 
 
Fig. 5.2. The most favorable dehydrogenation pathway on the step part 
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Through this dehydrogenation pathway, the energy profiles were described as shown in 
Fig. 5.3, compared with the case of the reaction on flat (111) surface. In Fig. 5.3, the 
reactions on Cu surface are also shown. The profiles indicate that the pathway described 
in Fig. 5.2 along the step part is much more stable than the pathway along the flat 
surface. As already explained above, one of the reason of this stableness of the pathway 
along the step part is easy migration of hydrogen caused by geometrical configuration. 
When the hypophosphite adsorbs on Pd surface, the surface exhibits the catalytic 
activity on the P-H bond cleavage, as is elucidated in the previous chapter, preparing for 
dehydrogenation. However on flat surface, hydrogen has no channels to drop on, which 
indicates it takes hydrogen atom longer distance to migrate to complete the dissociation. 
Neither the reaction on flat Cu surface and that on step Cu surface has much 
stabilization to occur. This means even step part with high reactivity on 
dehydrogenation can not provide Cu surface with catalytic activity enough for stable 
dehydrogenation. 
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Fig. 5.3. Reaction energy profiles of dehydrogenation hypophosphite on each metal 
surfaces 
 132 
In order to elucidate alternative aspect of high dehydrogenation reactivity of 
hypophosphite on the step part, the final state of the dehydrogenation were focused. In 
the final states, the dissociated hydrogen interestingly drop on the hollow site of (111) 
inclined part, which is also seen as a wall of the channel of (110) plane. This 
configuration is one of the most characteristic points of the step part in this study, which 
should cause the difference of the state from the case of flat surface. Furthermore, this 
configuration should have great influence on the stability difference of dissociated 
hydrogen adsorbing there. Therefore, the stability of the final states of the step part 
should derive from adsorption state of the dissociated hydrogen. In order to demonstrate 
this, we examine the stability of hydrogen atom on two types of hollow site; one is the 
hollow on the wall of the channel of (110) plane, which is a part of the adsorption site of 
the hydrogen atom on the step part, and the other is the hollow on the (111) flat surface 
(Fig. 5.4). 
 
 
       
(a)                             (b) 
 
Fig. 5.4. Cluster models for concise examination of the influences of surface 
morphology on the stability of hydrogen atom (a) flat surface, (b) step part 
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For the examination of the stability of hydrogen atoms on these hollow sites, we 
calculated the values of band center of hydrogen s-orbital on the sites (Table 1). The 
population of the s-orbital of adsorbed hydrogen was calculated based on Mülliken 
population analysis theory. From the table, s-orbitals in both α and β molecular orbital 
of the hydrogen on the hollow on the step part are much more stable than those on the 
hollow on the flat surface. This indicates that geometrical structure difference between 
two clusters cause the stability difference between the two. 
 
Table 5.1 Energy band center for s-orbital of hydrogen on each surface structure 
alpha beta alpha beta
Band center / eV
step flat
-7.18 -7.24 -6.74 -6.77
 
On the hollow site, s-orbitals of hydrogen atom interact with d-orbitals originating from 
three metal atoms around the hollow site and directing to the hollow site, as described in 
Fig. 5.5. As shown in Fig. 5.4, the atomic layer of the step part has been folded into two 
from the flat layer, which approximates one side of the wall to the other side. In such 
situation, the interaction orbitals, involving three d-orbitals of metal and s-orbitals of 
hydrogen, on the hollow site come affected by the metal atoms on the other side wall. 
As a result of this, the interaction orbitals are distorted to be much efficiently 
overlapped to stabilize the states of s-orbitals of hydrogen. Therefore, s-orbitals of 
hydrogen, i.e. hydrogen on step part itself, become much more stable than that on flat 
surface. Similar interaction among metal atoms and hydrogen atom should exist in the 
reaction pathway of dehydrogenation, which should stabilize the final state of 
dehydrogenation on step part better than on flat surface. 
    
(a)                                (b) 
Fig. 5.5. Orbital interactions stabilized by surface morphology (a) front, (b) side view 
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5.4 Conclusions 
 
     Dehydrogenation of hypophosphite ion on the step part was theoretically 
analyzed and compared with dehydrogenation on the flat surface using DFT. 
Dehydrogenation on the step part is more favorable than that on the flat surface from a 
geometrical and an electronic structural viewpoint. On the most favorable reaction 
pathway calculated in this study, the step structure works as the channel for dissociated 
hydrogen to drop on, which promotes P-H elongation. Moreover, because the existence 
of the terrace structure stabilizes the orbital interaction among the dissociated hydrogen 
and hollow site of the inclined plane, the final state of the dehydrogenation is stabilized 
on the step surface. Although the simple flat surface of Pd has been observed to exhibit 
strong catalytic activity on dehydrogenation of hypophosphite ion, the defect part on the 
surface can improve the activity. 
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6.1 Introduction 
 
     One of the most practical investigations to propose new electroless process is the 
analysis of the additive effects, for adding such agents is one of the most useful ways to 
control the deposition behaviors [1-6]. 
     Thiourea is widely known as both an accelerator and a suppressor for the 
electroless deposition [7-11]. In order to elucidate the mechanism of the effect of this 
additive on the process which is important to control the function of this additive 
properly, the study described in this chapter attempts to analyze the accelerating effect 
of thiourea on the electroless Ni deposition using hypophosphite ion, as the first step of 
the series of the investigation for thiourea. 
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6.2 Methodology 
 
      A bath system in which the anodic and cathodic reactions are physically 
separated was constructed as shown in Fig. 6.1. In the anodic reaction bath, no Ni ions 
were added. In the cathodic reaction bath, no reducing agent was added. These two 
separated baths were connected by a salt bridge. A Cu wire, which has 1 mm diameter, 
was embedded in epoxy resin with its cross section exposed to use as substrate. Because 
the substrates in each bath were connected via the Cu wire, electrons eliminated from 
the reducing agent in the anodic reaction bath would move into the cathodic reaction 
bath through the wire to be supplied to the Ni ions. The composition of each bath is 
listed in Table 6.1. Note that the pH was kept at 6.0 because thiourea works as an 
accelerator in an acidic bath. Using this separated bath, the current density passing 
between the two baths was measured. By measuring current density with thiourea added 
to only one of these two baths, the reaction on which thiourea has some influence on 
would be identified. Current density was measured by a zero shunt ammeter (Hokuto 
Denko Co. Ltd. HM-101).  
As pretreatment before the electroless deposition, rinsing and surface activation 
were performed as follows. First, the Cu substrates were rinsed with ethanol. Second, 
they were rinsed with phosphoric acid for 60 s. Third, they were rinsed with sulfuric 
acid for 60 s. Last, they were activated in an activation bath of electroless Ni-B 
deposition. This activation bath was composed of 100 mM of dimethylamine borane, 
100 ppm of NiSO4, 600 ppm of citric acid, and 100 mM of boric acid to keep a pH at 
9.0. 
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Fig. 6.1. Composition of the separated bath system 
 
 
 
Table 6.1 Composition and conditions of the separated bath system 
Reference electlode
NaH2PO2
NiSO4
C6H8O7
(NH4)2SO4
thiourea (ppm)
Chemicals
Concentration (mM)
pH (adjusted with (NH4)2SO4)
Bath temperature (℃)
300
－
100
100
0.5
－
70
Ag/AgCl
Anodic reaction bath Cathodic reaction bath
200
100
100
6.0
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     In the theoretical calculation, B3LYP [12,13] level DFT implemented on the 
Gaussian 03 software package [14] was applied to several analyses on the effect of 
thiourea on the Ni surface. The 6-31G** basis set was assigned to C, N, P, and H atoms 
[15]. The 6-31+G** basis set was assigned to O and S atoms [15]. The basis set with the 
effective core potential proposed by Hay and Wadt [16] was assigned for each Ni atom 
composing the metal. 
In order to describe the metal surface, a cluster model was constructed in this 
study. Geometrical optimizations of adsorption structures of adsorbates on the Ni 
surface were performed with a 1-layer small cluster consisting of 10 atoms. Using the 
structures obtained from such optimization, energy calculations at the single point were 
performed with a 2-layer larger cluster consisting of 22 atoms. The rationale for this 
procedure was that the results obtained for the structural parameters are approximately 
independent of the size of the clusters [17]. 
The molecular structure of thiourea would vary according to the condition of 
solutions. In this study, thiourea at the equilibrium state [18] was modeled. 
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6.3 Results and Discussion 
 
In order to identify which reaction, anodic or cathodic, was most influenced by 
thiourea, current density was measured in both the case in which thiourea was added 
only to the anodic reaction bath and the case in which it was added only to the cathodic 
reaction bath. In this measurement, a salt bridge, which was made of KCl gelatin, was 
inserted into both baths around 200 s after the start of the measurement. Thiourea was 
added to a bath 500 s after the start of the measurement. 
Fig. 6.2 shows the results from these measurements. From Fig. 6.2 (a), the author 
observed that the current density passed between the anodic reaction bath and the 
cathodic reaction bath after insertion of the salt bridge and that there was no disturbance 
on the current density profile. These results support the claim that this separated bath 
system is capable of showing acceleration or suppression effects on each bath; these 
effects are derived from some extra factors such as additives. 
Comparing Fig. 6.2 (b) with Fig. 6.2 (c), the different behavior between the case 
of adding thiourea only to the anodic bath and the case of adding it only to the cathodic 
bath is clearly shown. Fig. 6.2 (b) shows that the current density significantly increased 
after the addition of thiourea to the anodic bath, whereas Fig. 6.2 (c) shows that the 
change of current density profile after the addition of thiourea to the cathodic bath was 
minimal. Although these results indicate that thiourea has an acceleration effect on both 
the anodic and cathodic reactions, the acceleration effect is mainly derived from 
acceleration of the anodic reaction. Based on this, the author analyzed the influence of 
thiourea on the deposition process on a molecular level using DFT, focusing on the 
anodic reaction of the hypophosphite ion. 
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Fig. 6.2. Time dependency of current density with (a) no thiourea added, (b) thiourea 
added only to the anodic reaction bath, and (c) thiourea added only to the cathodic 
reaction bath 
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     For the analysis of the effect of thiourea on the reaction of the hypophosphite ion, 
a co-adsorption model consisting of thiourea, hypophosphite, and the Ni surface was 
applied, as shown in Fig. 6.3. Two points about this model should be emphasized. The 
first point is that in this model, thiourea and hypophosphite adsorb on the Ni surface 
with the most stable structures in each isolated system. In these structures, thiourea and 
hypophosphite each have a characteristic adsorption style. Thiourea adsorbs on the Ni 
surface via a S atom, which is on an atop site of the surface. Hypophosphite adsorbs on 
the Ni surface via a H atom, which is also on an atop site of the surface. The second 
point is about the location of the co-adsorbing molecules; hypophosphite in the model is 
located in the vicinity of the thiourea. Generally, a short-distance interaction is more 
significant than a long-distance interaction, which indicates that interactions formed 
among molecules at a short distance from each other are the most important to be 
analyzed. Based on this consideration, the co-adsorption model shown in Fig. 6.3 was 
applied in this calculation. 
 
 
 
Fig. 6.3. Co-adsorption model consisting of thiourea, hypophosphite, and the Ni surface 
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The structural parameters in the co-adsorption model are listed in Table 6.2. The 
distance between the atop Ni atom and the S atom, r (Ni-S), indicates that thiourea 
adsorbs on the surface a little farther from the Ni atom, which is derived from the 
atomic size of the S atom. The angle formed along the atop Ni atom, the S atom, and the 
N atom,θ (Ni-S-N), supports the claim that thiourea adsorbs on the surface via the S 
atom with its structure declined. This indicates the significance of the interaction 
between the metal surface and the S atom. 
 
Table 6.2 Major geometrical parameters of co-adsorbed system 
 
 
 
 
 
Among the all parameters, the most important one is the distance between thiourea and 
hypophosphite, which is shown as the distance between the C atom of thiourea and the 
P atom of hypophosphite, r (C-P). In order to understand the physical meaning of this 
value, the interaction energy between thiourea and hypophosphite without the metal 
surface was estimated, as shown in Fig. 6.4. From this figure, the value of the distance 
between C and P in the co-adsorption model, 5.349 Å, represents the situation around 
the energetic minimum of this interaction system, which indicates that the co-adsorption 
model shows minimal repulsion between thiourea and hypophosphite. From this 
consideration, the model should work as the interaction system. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.4. Profile of the interaction energy between thiourea and hypophosphite without 
the Ni surface 
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     Applying the co-adsorption model described above, the influence of thiourea on 
each reaction step of the hypophosphite ion, which are adsorption, dehydrogenation, 
and oxidation with hydroxyl group attack [19-21], were analyzed. 
     First, in order to examine the effect of thiourea on adsorption of hypophosphite, 
the adsorption energy of the hypophosphite ion on the Ni surface on which thiourea 
adsorbs in advance was calculated and compared with that on the Ni surface without 
thiourea. The results of the examination are listed in Table 6.3 with the adsorption 
energy of thiourea. The adsorption energy values of hypophosphite and thiourea, -93.44 
kJ/mol and -37.35 kJ/mol, respectively, correspond to the result from other theoretical 
calculations [18] and the result from the Chapter 3. Comparing the adsorption energy 
value of hypophosphite on the metal with thiourea with that on the metal without 
thiourea, adsorption of hypophosphite ion should be promoted by the presence of 
thiourea. Moreover, the difference between these adsorption energies is evaluated to be 
~50 kJ/mol. 
 
 
 
Table 6.3 Adsorption energies of hypophosphite ion with and without thiourea (TU) 
 
 
 
 
(TU) (-37.35)
without TU
Adsorption energy / kJmol-1
with TU
-93.44
-147.2
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     Second, in order to examine the effect of thiourea on the dehydrogenation of 
hypophosphite, the energy profiles in the cases with thiourea and without thiourea are 
shown in Fig. 6.5. The significant destabilization reaching to around +130 kJ/mol and 
no stabilization were recognized during this dehydrogenation, which indicates this 
dehydrogenation is thermodynamically important as one of the determining steps for the 
entire reaction process as shown in the Chapter 3. The most important point in this 
figure is, however, that thiourea destabilizes the reaction system by ~20 kJ/mol. 
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Fig. 6.5. Energy profiles of dehydrogenation of hypophosphite, both with and without 
thiourea (TU) 
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     Third, in order to examine the effect of thiourea on the oxidation of 
hypophosphite, the energy profiles in the cases with thiourea and without thiourea were 
described, as shown in Fig. 6.6. From this figure, thiourea should stabilize the reaction 
system by ~20 kJ/mol. 
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Fig. 6.6. Energy profiles of oxidation of hypophosphite attacked by hydroxyl group, 
both with and without thiourea (TU) 
 
 
 
     Judging from these three results, promoting the adsorption step is thought to be 
the most important effect. The difference in reaction energy between the cases with and 
without thiourea would be largest in the adsorption step. Moreover, comparing Fig. 6.5 
with Fig. 6.6, the significances of the stabilization and the destabilization by thiourea 
are both ~20 kJ/mol, which indicates that the destabilization and stabilization effects by 
thiourea compensate for each other to make these effects insignificant. Therefore, the 
energy difference in the adsorption step, ~50 kJ/mol, is thermodynamically important in 
discussing the effect of thiourea on the entire hypophosphite oxidation, which is thought 
to be the origin of the acceleration effect of thiourea. 
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     One of the important factors determining the acceleration effect of thiourea 
should be the molecular interaction between thiourea and hypophosphite, as shown in 
Fig. 6.4. However, because both thiourea and hypophosphite somewhat interact with the 
Ni surface, the situation is not so simple. In order to analyze the promotion mechanism 
of thiourea on adsorption of the hypophosphite ion in detail, the electronic structures of 
the Ni surface on which thiourea was already adsorbed were analyzed. First, the 
population of electrons was evaluated using Mülliken population analysis. In this 
calculation, the author focused on four Ni atoms which neighbor thiourea and are 
located at the center of the cluster because these atoms have an accurate electronic 
structure that is influenced by thiourea directly.  
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Table 6.4 lists the change in the Mülliken population of each Ni atom after 
adsorption of thiourea, with the Ni atoms labeled from 1 to 4, and Fig. 6.7 visually 
depicts the Ni atoms referred to in Table 6.4. In particular, Ni 1 is one of two atoms 
comprising the adsorption site for the hypophosphite ion. Because the other atom of this 
adsorption site is on the edge of the cluster model, it is not suitable for the observation 
of the detailed electronic structure. 
 
Table 6.4 Population change in each Ni atom through thiourea adsorption 
 
 
 
 
 
 
Fig. 6.7. Labels of Ni atoms referred to in Table 6.4 
 
     The results in Table 6.4 indicate that, although the population distributed to three 
Ni atoms, labeled as 2, 3, and 4, increases, the population of Ni 1 decreases through the 
adsorption of thiourea. This indicates that the electronic vacancy, especially the vacancy 
on the d-band, should appear on the adsorption site of the hypophosphite ion through 
the thiourea adsorption. Because such a vacancy would increase the tendency of 
interaction between the metal surface and the adsorbates, the change in the electronic 
structures listed in Table 6.4 should be one of the most important factors determining 
the adsorption tendency of hypophosphite. 
-0.56 +0.02 +0.66 +0.05
Ni 1 Ni 2 Ni 3 Ni 4
Population change / -
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     In order to investigate the origin of the change in electronic structures listed in 
Table 6.4, the interaction between thiourea and the Ni surface was analyzed using 
projected density of states (PDOS) profiles of each component. The PDOS profiles of 
the Ni surface, the thiourea, and the S atom of thiourea, which is the nearest atom to the 
Ni atop site, are shown in Fig. 6.8. This figure shows two significant interactions 
between thiourea and the Ni surface in the area around -6 eV and in the area around -2 
eV; in both interactions, the S atom has a much larger contribution than the other atoms 
in thiourea. Therefore, thiourea should interact with the Ni surface via a S atom. 
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Fig. 6.8. PDOS profiles of adsorbing system of thiourea (TU) on the Ni surface as 
projected on the Ni surface, TU, and the S atom of TU 
 
When thiourea approaches the Ni metal surface, electrons are concentrated near 
the adsorption site of the S atom, so that the adsorption site can interact with the S atom 
of thiourea. This reconstruction decreases the number of electrons on the metal atoms 
nearby the adsorption site of thiourea, such as Ni atom 1. Therefore, the S atom of 
thiourea should work as the generator of vacancies on the adsorption site of 
hypophosphite. This tendency of the S atom should be derived from its own chemical 
characteristics. S is a period 3 element in the periodic table, which indicates that the 
valence electrons of S would cover a larger area than period 2 elements and thus would 
have a greater influence on the electronic states of metal surfaces. The adsorption 
structure of thiourea and the chemical characteristic of the S atom should induce the 
electronic vacancies of the metal surface to improve the stability of the adsorbed 
hypophosphite ion. 
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6.4 Conclusions 
 
In order to elucidate the acceleration effect of thiourea on the electroless Ni 
deposition with hypophosphite ion as a reducing agent, both experimental 
measurements and a DFT study were performed. In the experimental measurements, 
separated baths were used, in which the anodic and cathodic reactions were separated to 
determine which reaction was most influenced by thiourea. In the DFT calculation, a 
co-adsorption model consisting of thiourea, hypophosphite, and the Ni surface was used 
to analyze the effect of thiourea on each elementary step of the hypophosphite ion 
reaction. 
     The experimental results indicated that thiourea influences mainly the anodic 
reaction to accelerate the entire deposition process. From the results of the DFT 
calculation, it was suggested that thiourea enhances the adsorption of hypophosphite to 
accelerate the entire anodic reaction. This enhancement of the adsorption step should be 
derived from that of the interaction between hypophosphite and the Ni surface by the 
reconstruction effect of thiourea on the electronic states of the Ni surface as well as by 
the interaction between thiourea and hypophosphite. 
     In the future work, the behavior of thiourea in various conditions will be analyzed 
from both experimental and theoretical viewpoints. 
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7.1 Conclusions 
 
     To establish finer electroless deposition systems, the reaction mechanism of the 
process is necessary to be elucidated. The objective of this study is to propose the 
systematic reaction mechanism of the reducing agent on metal substrates in electroless 
deposition. 
     In order to achieve this objective, the reaction behavior of a reducing agent on 
metal surfaces was analyzed in detail, using theoretical procedures. This theoretical 
analysis involved the quantum chemical calculation using density functional theory and 
the Monte-Carlo simulation. Such theoretical approaches provide molecular level 
observations, elementary step analyses, and discussions along the chemical 
characteristics of each reaction component. 
 
     As a reducing agent, hypophosphite ion was studied, for it has common 
characteristics to the other reducing agents and has been widely applied in electroless 
plating industries, whose reaction mechanism is strongly needed to be understood from 
the molecular level viewpoint, based on its own chemical characteristics. 
 
     As a primary factor, which determines the reaction behavior of the reducing agent, 
the mechanism of catalytic activity of metal surfaces was focused to be analyzed. 
     To elucidate this mechanism, the orbital interactions between hypophosphite ion 
and metal surfaces which play key roles for stabilization of the rate-determining step 
were analyzed. In this analysis, Pd and Cu were mainly focused as reaction fields of 
hypophosphite ion. This is because they exhibit completely different catalytic activity 
on the reaction of hypophosphite ion; Pd surface exhibits strong catalytic activity on the 
reaction, whereas Cu surface exhibits little catalytic activity. 
 
     As important environmental factors, which secondarily influence the reaction 
behavior of reducing agent, the effect of defect part of metal surface and the influence 
from additives were focused to be analyzed. 
     To elucidate the mechanism of the defect part effects, reaction behavior of 
hypophosphite ion on both stepped surface and flat surface were analyzed. 
     To elucidate the acceleration mechanism of thiourea, as a sulfur containing 
additive, on electroless Ni deposition process, the interaction among thiourea, Ni 
surface, and hypophosphite ion was analyzed. 
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     From the discussion involved in Chapters 2, 3, and 4, the mechanism of catalytic 
activity of metal surface on hypophosphite ion reaction is elucidated as follows. 
 
     When hypophosphite ion approaches the metal surface, donation of electrons 
from HOMO of hypophosphite ion toward the d-band of the surface, and back-donation 
from the d-band toward LUMO of hypophosphite ion occur simultaneously, which 
stabilize the structure of dehydrogenating hypophosphite ion on the surface. This 
stabilization promotes the dehydrogenation of hypophosphite ion. Because this 
dehydrogenation is the rate-determining step of hypophosphite ion reaction, the electron 
transfer shown above activates the entire reaction of hypophosphite ion. 
     If the d-band of the metal surface is unstable, the electron transfer shown above 
occurs easily, which suggests that Pd surface has strong catalytic activity on the reaction 
of hypophosphite ion. On the other hand, if the d-band of the metal surface is stable, the 
electron transfer above is hard to occur, which suggests that Cu surface has little 
catalytic activity on hypophosphite ion reaction. 
 
Note that, because of its hydration structure, hypophosphite ion strongly tends to 
adsorb on the surfaces via its hydrogen atoms. The hydration structure of hypophosphite 
ion has six water molecules near two oxygen atoms of hypophosphite ion and has no 
water near two hydrogen atoms, because the hydrogen atoms are negatively charged by 
the influence from nearby phosphorus atom. This influence is derived from the electron 
donation tendency of the phosphorus atom. Although water molecules influence the 
adsorption structures of hypophosphite ion on metal surfaces as shown above, they 
exhibit little influence on the interaction between hypophosphite ion and metal surfaces. 
 
     From the discussion described in Chapter 5, the mechanism of defect part effect 
on hypophosphite ion reaction is elucidated as follows. 
 
When the metal surface has defect, such as step part, dense orbital would be 
formed around the defect structure, which shows strong tendency for the defect to 
interact with other atoms. Such dense orbital stabilizes the hydrogen atom dissociated 
from hypophosphite ion on the defect part, which in turn stabilizes the final state of the 
dehydrogenation. This means that the defect part exhibits the promotion effect on the 
entire reaction of hypophosphite ion. 
 
 158 
     From the discussion described in Chapter 6, the acceleration mechanism of the 
small amount of thiourea on hypophosphite ion reaction is elucidated as follows. 
 
     When thiourea adsorbs on the metal surface, sulfur contained in thiourea interacts 
efficiently with the metal surface. This interaction would restructure the electronic state 
of metal surface so that the interaction between the surface and hypophosphite ion 
would be enhanced. Then, the adsorption of hypophosphite ion is promoted, which 
thermodynamically enhances the dehydrogenation reactivity of hypophosphite ion and 
in turn accelerates the electroless Ni deposition. 
 
 
     Although each mechanism shown above is just one of the factors determining the 
reactivity of the process, such viewpoints must provide further insights for establishing 
new electroless plating processes. 
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7.2 Perspectives 
 
     General aspects of the reaction mechanism of reducing agents on metal surfaces 
in the electroless deposition process have been described in this thesis. However, the 
process still contains some questions in itself. The approaches applied in this study will 
provide knowledge which is significant to answer these questions. As the future works, 
the following questions should be approached. 
 
Reducing agent reactions 
     Some catalytic behavior shown in the electroless processes could not be explained 
using the mechanism described in this thesis. For example, Cu surface shows strong 
catalytic activity on the reaction of formaldehyde. In the same way, Au surface, which is 
one of the noble metals the same as Cu, shows strong catalytic activity on the reaction 
of hypophosphite ion. In these cases, the characteristic of the reducing agent as well as 
that of metal surfaces should play important roles in the mechanism. Furthermore, the 
alternative mechanism might exist in these processes, which should be analyzed in the 
same way as shown in this study. 
 
Cathodic reactions 
     Cathodic reactions as well as anodic reactions also play key roles for the 
properties of fabricated metal thin films; the properties of the films strongly depend on 
the crystallinity, the amount of some impurities, or the surface morphology, which are 
derived from the cathodic reaction behavior. Therefore, in order to control the properties 
of the films more precisely than ever, the cathodic reactions should be understood well 
by using theoretical approaches. 
 
Systematization of each mechanism elucidation for process designs 
     Knowledge must be used. Wisdom must be used. In the future, the elucidations 
for each mechanism, obtained from theoretical approaches, must be attempted to be 
systematized as the most powerful tool for the process designs for better industrial 
societies. 
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